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Abstract 
The United Nations (UN) initiated the sustainable development concept at the 1992 Earth 
Summit in Brazil. This new concept required effective integration of environment, society 
and economy dimensions, and was finalized through the declaration of 17 sustainable 
development goals (SDGs) at the ‘UN Sustainable Development Summit 2015’ held in New 
York. A key focus of this initiative is to manage the impact of changing climate phenomena. 
Road transport, that combines road infrastructure and the vehicle fleet, contributes almost 
one-fifth of the global greenhouse gas (GHG) emissions. This research was aimed at 
developing a life cycle environmental indicator to contribute to the quantification of, and 
potentially minimize the road infrastructure GHG contribution in the atmosphere.  
Traditionally road projects are developed on cost-benefit analysis based economic selection 
and the environmental and social issues are addressed discretely for the selected project 
option. This approach often does not support sustainable development. As a result, 
researchers have recommended for life cycle analysis (LCA) of roads to identify and address 
whole of life environmental impacts. Absence of a comprehensive system boundary model 
for carrying out road LCA studies has also been identified, during literature review, as a 
setback to the growing interest in this field. This research study identified the high impact 
environmental components at different phases of road design life, and proposed a system 
boundary model that can be used for future LCA studies.  
To deliver new indicators a six-stage scientific indicator development methodology was 
developed that involves both qualitative and quantitative analysis; two stages for indicator 
design and four stages for indicator validation including an audit of the whole indicator 
development process.   
Currently available systems and procedures such as infrastructure sustainability rating 
schemes and pavement management systems were studied based on the developed 
system boundary model. It identified the need for indicators of the high impact use phase 
environmental components of road. A new indicator termed ‘Road Use Greenhouse Gas 
Factor (RUG Factor)’ was designed to assess all the major environmental components of the 
use and maintenance phases. The maintenance phase was included, because it contributes 
to the use phase to keep the roads serviceable. The unit of measure for the RUG Factor is 
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Global Warming Potential (GWP), which is widely accepted for road LCA studies and can 
address the global warming phenomena.  
Data and analysis tools for the quantification of the RUG Factor were sourced from 
different Australian government entities. Scientific parameters were both identified 
through literature search and developed by critical analysis. Some supplementary analysis 
tools were developed to deliver research results. Two road sections of a major highway in 
Queensland were studied for different life cycle periods to find potential treatment 
strategies based on conventional cost-benefit analysis based economic approach. The RUG 
Factor of the treatment options were then calculated and compared with the conventional 
findings. It was seen that the best economic option often has a very high carbon footprint 
in terms of the RUG Factor and does not provide the most sustainable outcome. The RUG 
Factor was fully validated based on the audit outcome for its conceptual coherence, 
operational coherence and utility.  
To integrate the RUG Factor with indicators of other sustainability dimensions a multi-
criteria analysis based road parameter termed ‘Road Sustainability Index (RSI)’ was 
proposed. Weighting for different indicators of RSI was proposed by analyzing different 
sustainability ratings schemes. The RSI values for different treatment strategies were then 
calculated to find the optimised one that balances the economic and environmental 
dimensions effectively. The social dimension of the RSI was excluded from the calculation, 
as an extensive literature search did not find any representable road social indicator. 
However, this study proposed a framework for consideration in developing a social 
indicator.   
The validation process of the RUG Factor involving LCAs for different periods facilitated 
further improvement of the developed road LCA system boundary model and its 
mathematical formulation. This advanced model can be used for carbon footprint 
management of roads from a network perspective, and in future research studies.  
The development of the RUG Factor to minimise road carbon footprint is important under 
the scenario of global effort for sustainable development and management of the climate 
change phenomena. It has strong potential for applications in the field of road project 
development, road asset management systems, development of interactive road carbon 
map, use as a trigger for road maintenance programming and other road relevant spaces 
with improved sustainability outcomes.  
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HDI  Human Development Index 
HEV  Hybrid electric vehicle 
HIE  Heat island effect  
HMA  Hot Mix Asphalt 
HV  Heavy Vehicle 
IBCR  Incremental Benefit Cost Ratio 
ICE  Internal Combustion Engine 
ICEV  Internal Combustion Engine Vehicle 
IPCC                     Intergovernmental Panel on Climate Change 
IRI  International Roughness Index 
IRR  Internal Rate Return 
IS  Infrastructure Sustainability 
ISCA  Infrastructure Sustainability Council of Australia 
ISO  International Organisation for Standardization  
LCA  Life Cycle Assessment 
LCCA  Life Cycle Cost Analysis 
LCEC  Life Cycle Environmental Component 
LCI  Life Cycle Inventory 
LCIA   Life Cycle Impact Assessment  
LRPS  Local Roads of Regional Significance 
MCA  Multi Criteria Analysis  
MF  Material Sub-factor 
ML  Material Laying 
MnP  Maintenance Phase 
MP  Material Production 
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MT  Material Transportation 
NLTP  National Land Transport Network 
NOX  Nitrogen Oxide 
NPV  Net Present Value 
NRM  NAASRA Roughness Meter 
OECD  Organization for Economic Co-operation and Development 
OSCR  Other State Controlled Roads 
PCC  Portland cement concrete 
PMS  Pavement Management System 
PSF  Pavement Structure Sub-factor 
QLD   Queensland 
RF  Radiative Forcing  
RIDC  Road Information Data Centre 
R&M  Repair and Maintenance  
RRF  Road Roughness Sub-factor 
Rehab_A Full Depth Asphalt Rehabilitation 
Rehab_GA Granular Rehabilitation with Asphalt Surfacing  
Rehab_GS Granular Rehabilitation with Sprayed Seal Surfacing  
Rehab_FBA Foam Bitumen Rehabilitation with Asphalt Surfacing 
Rehab_FBS Foam Bitumen Rehabilitation with Sprayed Seal Surfacing 
Rehab_SS Cement Stabilization Rehabilitation with Sprayed Seal Surfacing 
RF                      Radiative forcing  
RSI  Road Sustainability Index 
RSF  Road Social Factor 
RUC  Road User Cost 
RUGF  Road Use Greenhouse Factor (RUG Factor) 
S   Sprayed Seal Surfacing 
SDG  Sustainable Development Goal  
SDS                      Sustainable Development Strategy 
SLA  Speed Level Adjustment 
S-PMS  Sustainable Pavement Management System 
SUV  Sports Utility Vehicle 
TARS  Traffic Analysis and Reporting System 
TFA  Traffic Flow Adjustment 
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TW  Tyre Wear Impact 
UK  United Kingdom 
UN  United Nations 
UNEP  United Nations Environment Program 
UP  Use Phase 
USA  United States of America 
VOC  Vehicle Operating Cost 
VR  Vehicle Repair Impact 
45AC14  45mm thick Asphalt Overlay with 14mm Aggregate 
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Chapter 1 : Introduction 
1.1: Background of the Research 
The concept of sustainable development originated from the United Nations Conference on 
Environment and Development (UNCED), also known as the Rio de Janeiro Earth Summit 
held in Rio de Janeiro, Brazil, in June, 1992 (United Nations, 1992). The sustained UN efforts 
over the years have led to the consensus that low carbon development are indispensable 
for achieving sustainable development (Allen and Clouth, 2012). In consequence, an historic 
global climate agreement was agreed under the United Nations Framework Convention on 
Climate Change at the 21st Conference of the Parties (COP21) held in Paris from 30 
November to 12 December 2015 (UNFCCC, 2015). The agreement sets out a global action 
plan to hold the increase in the global average temperature to well below 2 °C above pre-
industrial levels to reduce the impacts of climate change (Article- 2). It also promotes 
innovation as an effective response to climate change and to advance the sustainable 
development concept (Article- 10). 
Nations around the world are taking initiatives to meet the UN goals based on their country 
perspectives. In Australia, the government is implementing national policies to reduce 
emissions and adapt to the impacts of climate change in the context of coordinated global 
action. It has set ambitious emission reduction targets to be achieved through a credible 
policy suite that is already reducing emissions, encouraging technological innovation and 
expanding the clean energy sector  (DFAT, 2016).  
Transportation sector is one of the principal sources of greenhouse gas (GHG) emissions, 
which contributes nearly one-quarter of global energy related GHG emissions. Three-
quarter of this comes from the development, management and uses of the road 
infrastructure sector. Continuing economic development is likely to increase the world 
transport energy use at a rate of around 2% per year over the next few decades (Kahn 
Ribeiro et al., 2007). This indicates a significant rise of the GHG emission levels. In Australia, 
the transport sector contributed 17.2% of total emissions (excluding land use) in 2013, of 
which around 84% came from the road transport (Charting-Transport, 2015). Figure- 1.1 
shows the historical and projected transport emissions in Australia from 1990 to 2035, 
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which indicates a continuous growth of emissions as well as the need of interventions in 
line with relevant government policies (DOE, 2015a).  
Technological development of the vehicle fleet and use of alternative fuels would reduce 
the emission levels to some extent. However, road infrastructure assets involve significant 
levels of GHG emissions for their continuous development, maintenance and serviceability 
needs. Different phases of a road infrastructure e.g. construction, use, maintenance and 
demolition have significant environmental impacts (Stripple, 2001). Sustainable 
development of road assets is, therefore, a growing international concern (Soderlund, 
2008). In consequence, “Sustainable roads” is an emerging concept of “developing and 
maintaining roads with minimized impact on environment.”  A study by Lehtiranta et al 
(2012) on the procurement processes of five largest Australian state road authorities 
identified that the organisations have already got related policies and guidelines for 
sustainable development in the strategic planning phase, while there is a need of further 
works for the application of the policies and guidelines in the project development and 
implementation phases.   
 
Figure 1-1: Historical and projected transport emissions in Australia (DOE, 2015a) 
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To facilitate sustainable road development there are recent initiatives in developing 
sustainability assessment schemes or tools comprising different dimensions of 
sustainability such as environment, social wellbeing and economy (Shaw et al., 2012c).  
Some of the important schemes include Invest (Australia), GreenLITES (USA), and 
Greenroads (USA). There are also sustainability assessment schemes, which cover all types 
of infrastructures including roads e.g. IS (Australia), Envision (USA), and CEEQUAL (UK). 
These schemes include environmental parameters generated over years through 
conventional environmental impact assessments, which generally overlook complexity 
associated with whole of life assessment. However, the changing climate phenomenon 
because of growing level of greenhouse gas (GHG) emissions is drawing more attention to 
the environment dimension. As a result, recent studies have identified the need for life 
cycle assessment (LCA) of road projects under a comprehensive framework (system 
boundary) to better address the environment dimension (Santero et al., 2011b, Yu and Lu, 
2012). Carrying out such studies would provide life cycle road environmental indicators to 
quantify and manage whole of life emission levels of a road infrastructure. The indicators 
would be able to address various high impact environmental components at different 
phases of road life such as construction, use and maintenance phases. Therefore, 
prospective application of such indicators may help transform road networks around the 
world as more sustainable.  
1.2: Objective of the Research Work 
Management of road life cycle environmental emissions is important to minimise the 
contribution of road infrastructure to the global warming phenomena and the consequent 
climate change worries. It requires appropriate indicators that can assess the life cycle 
emission levels of road projects and facilitate decision making towards the best possible 
implementable strategy from sustainable development viewpoint. As such, this study 
focusses on the life cycle impact management of roads with the following objectives: 
a) Assessment of life cycle emissions of road infrastructure: Identify major sources of 
road life cycle emissions and their quantification from industry level road asset 
management perspective. 
b) Development of indicators for sustainable road infrastructure:  Design and 
validation of potential indicators that can accommodate important road life cycle 
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emission components and facilitate sustainable roads development and 
management.   
 
1.3: Research Questions  
The literature review based on the above stated research objectives, presented in Chapter- 
2, substantiated the need of one or more comprehensive life cycle environmental 
indicators to quantify GHG contribution of road infrastructure. Therefore, the principal 
research quest is to design and validate the holistic indicators capable of assessing emission 
levels from road works and uses. The development of the indicators requires addressing the 
following research questions under this study: 
a) What are the critical environmental components for sustainability of road 
infrastructure?  
b) What are the available road indicators that address the critical environmental 
components? 
c) What additional indicators are required to address the critical environmental 
components not covered by the available indicators from LCA viewpoint? 
d) How the new indicators can be confirmed as validated ‘life cycle road 
environmental indicators’?    
1.4: Significance of the Research Work 
Road infrastructure and allied sector has been identified as a major source of GHG 
emissions. The areas of concern include road works, maintenance and use, and 
manufacture of vehicles. The condition of the road network influences the level of vehicle 
emissions during the use phase. A poor conditioned road not only suffers more damage 
under traffic loadings that leads to more expensive as well as impacting road works, but 
also causes more energy and maintenance needs to the vehicles, and creates safety and 
health issues to the users. The extent of road networks makes it one of the main sources of 
emission as well as scope for intervention. At present Australia has 873,573 km of road 
(BITRE, 2015) and more than 18 million vehicles (ABS, 2015a). The global total length of the 
road networks is more than 60 million km (CIA, 2016) and the number of motor vehicles is 
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around 1.2 billion (Sperling and Gordon, 2008), which is growing rapidly with the economic 
development of China, India, Brazil, Mexico, Indonesia and other countries. Because of this 
huge extent, there are both opportunities and challenges in combating various 
environmental impact sources of this sector.  
The prospective environmental indicators to be developed through life cycle study of roads 
would facilitate better road asset management in terms of GHG emission optimisation. It 
may involve keeping road conditions to a level that is more vehicle friendly from energy and 
resource consumption viewpoints, requires road works that is affordable under the 
constrained funding regime, constructible with the available technology, less emitting from 
materials and equipment perspective, and minimum interruptive to the normal traffic flow. 
It is expected that from a global perspective the cumulative impact of one or more positive 
interventions of even small levels would be significant, because of the effect of millions of 
vehicles using the road networks every day. 
The ‘United Nations Sustainable Development Summit 2015’ held in New York in 
September 2015 declared 17 sustainable development goals -SDGs (United Nations, 2015 ), 
which put high importance for undertaking research studies relating to sustainable 
development and management. Out of the 17 goals, the following 2 SDGs stand out in the 
field of infrastructure.   
 Goal 9: Build resilient infrastructure, promote inclusive and sustainable 
industrialization and foster innovation. 
 Goal 17: Strengthen the means of implementation and revitalize the global partnership 
for sustainable development. 
Goal 9  discusses sustainable and resilient infrastructure development through enhanced 
scientific research and upgrading of the technological capabilities; while Goal 17 describes 
the development, transfer, dissemination and diffusion of environmentally sound 
technologies (United Nations, 2015 ). The challenge of sustainable and resilient 
infrastructure development is multifaceted. An infrastructure should not only be able to 
sustain its structural integrity under the extreme environmental events and manage 
subsequent economic and social setbacks; it should also confirm minimized harmful 
contribution to the environment in its different phases of life - construction, operation and 
end-of-life. Road infrastructure can contribute significantly to the global effort of 
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sustainable development by addressing the relevant issues in road construction and 
operation management practices. To facilitate achieving the stated SDGs, there is a need to 
address appropriate scientific parameters for sustainable road infrastructure development 
and management. 
1.5: Scope of the Research Work 
Ever-increasing development and consumption around the world are causing rapid 
resource depletion and harmful discharges into the environment. The inevitable 
consequence is a world of changing climate and limited supply of resources for the growing 
population. As a result, efforts to contain this trend and develop a more sustainable world, 
where the needs of the present generation will be met without jeopardizing the ability of 
the future generations to meet their own needs, were approved  by the world community 
in 1987 with a popular title of “Our Common Future” (United Nations, 1987). 
Road infrastructures are generally used perpetually through continuous maintenance and 
up-grading. These activities involve significant resource consumptions and associated 
environmental impacts. The traditional design approach does not involve whole-of-life 
environment assessment. As a result, a number of road LCA studies were carried out in the 
recent years to explore whole-of-life environmental impacts. These LCA studies generally 
did not cover all phases of road life, and the need of a comprehensive road LCA framework 
(system boundary) has been identified to facilitate full-fledged LCA studies of road projects  
(Zhang et al., 2010, Yu and Lu, 2012, Ting et al., 2012, Santero et al., 2011b). A review of the 
published LCA studies and relevant literature would facilitate identification of important 
environmental components under different phases of road life and hence development of 
an all-inclusive LCA system boundary model for future LCA studies.  
Various rating schemes have been developed in the recent years to facilitate sustainable 
infrastructure development and management. These schemes can be analysed to identify 
the present generation indicators generally used for delivering road projects. These 
indicators can be assessed by the LCA system boundary model to check the inclusion level 
of the identified important environmental components. The gaps, thus identified, can be 
addressed to develop indicators covering the identified road environmental components 
relating the global warming phenomena. This approach may require exclusion of some 
minor environmental components to avoid unreasonable complexity in developing 
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quantitative indicators with the available information and scientific tools. Validation of the 
developed indicators using a comprehensive methodology including assessing their ability 
to integrate with other indicators and industry systems and procedures would be helpful 
for their application in delivering sustainable road infrastructure.  
1.6: Lay Out of the Research Work  
This chapter discusses the background and scoping of the research work towards the 
development of environmental indicators for sustainable road infrastructure. 
Chapter-2 comprises an in-depth literature search focusing on answering the research 
objective that includes sustainability, road infrastructure, indicators and their development, 
life cycle analysis (LCA), and road environmental components. Important road LCA studies 
are reviewed for their scoping boundaries and a new system boundary model is proposed 
for LCA study of roads.  
Chapter-3 formulates a multi-stage scientific methodology for the design and validation of a 
comprehensive road environmental indicator from life cycle perspective of road 
infrastructure projects including a general discussion about the strength of the 
methodology.  
Chapter-4 assesses various sustainability rating schemes used for sustainable road project 
delivery based on the road LCA system boundary model developed in chapter two. It helps 
identify the scope for a comprehensive road use phase environmental indicator, suitable 
for delivering more sustainable roads, by addressing important road environmental 
components.   
Chapter-5 scrutinises various road environmental components based on updated scientific 
developments for their prospect of quantification and recommends accordingly to include 
them for the development of a comprehensive road use phase environmental indicator. It 
also proposes detail design formulation for all the components of the new indicator.  
Chapter-6 discusses quality data availability, select and develop appropriate scientific 
parameters, and identify industry level tools and resources for the quantification of the 
new indicator; thus confirm primary level validation of the new indicator. 
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Chapter-7 carries out life cycle assessment of two heavy traffic road sections for different 
strategic periods. It involves life cycle treatment prioritisation based on conventional cost-
benefit analysis parameters, and then their evaluation for the new indicator to see the 
relative ranking in terms of life cycle global warming potential of the treatment options. 
This confirms secondary validation of the new indicator.  
Chapter-8 assesses various sustainability rating schemes to find weightings for different 
dimensions of sustainability. It helps combine the three dimensions using a multi-criteria-
analysis process and the prospect of a road sustainability factor. An outline for the 
development of a road social indicator is also proposed. A case study assessment based on 
the weighting analysis outcome confirms tertiary validation of the new indicator. The final 
validation of the indicator is done based on a critical review proposed in the methodology 
in chapter three. 
Chapter-9 states the findings of the research study, identifies areas of industry level 
applications including recommendations for future studies.  
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Chapter 2 : Literature Review 
2.1 Introduction   
The need of life cycle environmental indicators for reduction of emissions from road works 
and use requires life cycle assessment (LCA) of road environmental components. The 
reviews of road LCAs done to date can help identify areas of environmental concerns for 
new indicators to improve sustainability of road infrastructure. The vastness of 
environmental issues throughout the life of a road, from new construction to end-of-life, 
necessitates an appropriate system boundary to limit the number of environmental 
components to be addressed under a LCA based on their impact levels. This is important 
from an industry perspective of continuous road asset management with economy and 
timeliness. The study of various road environmental components is pertinent to this 
process. Sustainability and its implication in roads, indicators and their development 
methodologies are other relevant areas of study for the development of road 
environmental indicators. The main aim of the discussion in this chapter is to refine the 
scoping of the research work through in-depth literature reviews, thoughts for the 
development of a comprehensive need based research methodology and to provide a 
knowledge platform for completing the research work towards a logical result.   
2.2 Sustainability    
The term ‘sustainability’ implies integration of global resources in a way that supports 
indefinite human settlement on the planet earth. The ever-growing development activities 
are causing stretches to the earth system through the climate-change phenomena and 
threatening its sustenance for human race. This situation has drawn global political 
attention for green or sustainable development. The Brundtland Commission (United 
Nations, 1987) defines sustainable development as “the development that meets the needs 
of the present without compromising the ability of future generations to meet their own 
needs.” In a broader sense, it implies to the protection of the environment and resources 
while ensuring continuous economic stability and social equity (Willetts et al., 2010). This 
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concept of development, popularly known as ‘triple-bottom-line’, is presented in Figure- 
2.1.   
The triple-bottom-line concept is a political goal of integrated development addressing 
social, economic and environmental complexities. Attainment of this development is 
identified as one of the most difficult challenges to date by the humanity (Gavrilescu, 2011). 
The rapidly changing geo-political interest over energy and resource consumption has 
caused universal formulization of sustainable development very complicated as well as very 
demanding. The increasing level of emissions due to growing energy and resource 
consumptions results in global warming and consequent climate change phenomena. As a 
result, the environment dimension of sustainable development is becoming more 
important since the human liveability on the earth is dependent on the finite natural 
resources of the earth with limited capacity to support life.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1: The basic structure of sustainable development concept (Gavrilescu, 2011). 
The importance of the environmental issues was institutionalised by the United Nations in 
1972 with the establishment of United Nations Environment Program (UNEP, 1972) . Apart 
from climate change, other major UNEP focus areas are disasters and conflicts, ecosystem 
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management, environmental governance, chemicals and wastes, resource efficiency, and 
ozone layer management (the Montreal Protocol). The European Union (EU) in its renewed 
EU Sustainable Development Strategy (EU-SDS, 2006) identified seven key challenges to 
sustainable development, of which five relates to the environment. These are: (1) Climate 
change and clean energy, (2) Sustainable transport, (3) Sustainable consumption and 
production, (4) Conservation and management of natural resources, and (5) Public health. 
The other two are: (6) Social inclusion, demography and migration, and (7) Global poverty 
and sustainable development challenges. The universal concerns on environmental issues 
have led to the development of various sustainability systems, frameworks and protocols.  
These tools have overwhelming focus on the environmental dimension of sustainability 
compared to the social and economic dimensions (Shaw et al. (2012a).  
2.1.1 Sustainability Indicators 
The level of achievement of sustainable development can be assessed through related 
economic, social and environmental factors commonly known as sustainability indicators. 
Moldan and Dahl (2007) defined indicators as symbolic representation (e.g. numbers, 
symbols, graphics, colours) designed to communicate a property or trend in a complex 
system or entity. The Sustainability indictors are distinguished from other indicators by 
their need to measure the ability of a system to adapt to change and continue to function 
over a long time span (Milman and Short, 2008). These are indicative variables used to 
provide indication of the state variables of a system when it is difficult to estimate them by 
direct measurement or by simulation modelling (Bockstaller and Girardin, 2003). Indicators 
can be simple or composite. A simple indicator originates from a direct measurement or 
from an estimate obtained by modelling, of the value of a single indicative variable. On the 
other hand, a composite indicator is obtained by the ‘‘aggregation’’ of measured or 
estimated variables (Bockstaller and Girardin, 2003).  
In 1992 the United Nations Commission on Sustainable Development (UNCSD) was founded 
to assist countries in developing and using sustainability indicators (UNCSD, 2007). Since 
then various local, national and international organizations have been involved in 
developing sustainability indicators for diverse fields of development. However, a recent 
comprehensive review of both academic and industry level works has identified that the 
development and use of indicators extensively and intensively does not confirm that they 
are scientifically sound and/or used appropriately (Hak et al., 2012). 
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Bauler (2012) identified dearth of information and knowledge in developing indicators in 
the environmental and sustainable development policy domains. Lyytimäki (2012) found 
that the timeliness of indicators has generally not improved during the past decade and 
recommended timeliness of indicators in order to increase the effectiveness of the 
evaluations. Hak et al. (2012) reported a serious lack of methodology and guidelines for 
developing sustainability indicators despite abundance of criteria and various assessment 
frameworks. This literature review has also found acute shortage of methodologies in 
developing sustainability indicators.  
Indicators may result from a set of measurements, from calculated indices, or may be based 
on expert systems. The popular methodologies involve assimilation of common perceptions 
and expectation of different stakeholders towards achieving sustainability. The process 
generally includes interviews, workshops, surveys and case studies to gather structured 
information on some specific areas of influence based on present level of scientific and 
social understandings (Lim, 2009). This process often fails to extract some vital issues due 
to gaps in common understanding in present day practices. As a result, the scientific 
approach of indicator search through detail analysis is important.  
Girardin et al. (1999) first underscored the need of a scientific methodology for developing 
sustainability indicators. They mentioned that regardless of the source of development, the 
methodology underlying the elaboration and development of sustainability indicators 
should fit scientific standards, which imply a procedure of validation. Literature search do 
not provide any scientific methodology suitable for developing and validating 
environmental indicators. However, the 3-Stage Methodology proposed by  Cloquell-
Ballester et al. (2006) can be considered as an upgradation of the conventional approach 
with more rigour to deliver improved indicators. It involves verification of the suitability of 
the indicators in three stages as shown in Figure- 2.2. These are self-validation (done by the 
developers themselves), scientific validation (independent expert’s judgment), and social 
validation (public participation). In each stage of development, the performance of the 
indicators is evaluated from three fundamental points of view, which are conceptual 
coherence, operational coherence and utility. Conceptual coherence determines the 
correct relation between the measuring instrument (indicator) and the measuring object 
(environmental/social quality). Operational coherence determines the correct definition of 
the internal operations of the measuring instrument. Finally, the utility determines the 
indicators’ applicability in environmental and social impact assessment studies. 
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Figure 2-2: 3-Stage Method Indicator Validation Process (Cloquell-Ballester et al., 2006). 
Cloquell-Ballester et al. (2006) urged that the three stages are complementary and 
validation through these stages increases credibility of the indicators. They argued that the 
scientific validation stage provides rigour and objectivity to the new designed indicators by 
integrating the independent experts’ judgements; while the social validation stage helps to 
attain consensus through public participation and ensures transparency as high as possible. 
Bauler (2012) observed limited scope of validating scientific indicators with laypeople. As 
such, inclusion of the social validation stage can be case specific and if included should be 
designed with careful selection of participants. Therefore, the 3S methodology needs 
contextual review for its proper application. However, the intent of the methodology can 
provide a strong baseline for devising an appropriate methodology to deliver sustainability 
indicators with scientific rigour.  
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2.3 Sustainability of Roads  
The relevance of road network in today’s society can be considered like a blood vessel 
network of an animal. On the other hand, the development, use and maintenance of road 
network have multi-facet impacts on the environment and the surrounding community. To 
be sustainable, all these phases of an infrastructure project must be guided by the 
principles of sustainable development (Lim, 2009). As a result, the sustainability issue of 
roads is a growing concern relating attainment of the green economy.  
The sustainability aspect of road networks has two key challenges related to climate 
change. One is reduction of emissions from roads to minimize the progression of climate 
change, and the other is to preserve roads from the impact of changing climate (INVEST, 
2011). Different phases of road infrastructures e.g. construction, use, maintenance and 
end-of-life (EOL) have significant sustainability implications (Stripple, 2001, Santero et al., 
2011b). Sustainable development of road assets is, therefore, a growing international 
concern (Soderlund, 2008). 
Road projects involve considerable land use, high energy input and huge resource 
consumption. These elements may cause serious impacts to environment and social 
dislocation. In addition, there are road characteristics e.g. slopes, curves, pavement 
stiffness, surface unevenness, surface texture, etc. and traffic congestion due to road 
works, which impact fuel consumption patterns and hence emission levels (Lepert and 
Brillet, 2009). The relevant conventional “environmental factors” are biodiversity, pollution 
prevention, air and water quality, habitat and species protection, land use and visual 
amenity. However, over the years new “environmental factors” like impact on communities 
now and in the future, climate change considerations, efficient resource use, source of 
materials, whole of life considerations, waste management and future proofing have been 
emerged, which implies a growing and complex boundary of the sustainability concept 
(Griffiths, 2008). Conventional environmental assessments often overlook this complexity, 
leading to conclusions based on incomplete study. In consequence, development of a 
comprehensive life cycle assessment (LCA) framework for road projects have been 
emphasized to facilitate identification of improved sets of sustainability indicators for the 
environment component (Stripple, 2001, Soderlund, 2008, Chan et al., 2011, Santero et al., 
2011b). It is observed that LCA can generate comprehensive and scientifically-defensible 
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strategies for lowering emissions, reducing waste, and minimizing energy, water, or natural 
resource consumption (Santero et al., 2011a).  
Compared to road sector sustainability assessment, the building industry is well advanced 
(Soderlund, 2008). A LCA study conducted by US National Institute of Standards (NIST) on 
the most widely used building sector sustainability scheme “LEED” developed by U.S. Green 
Building Council (USGBC) found lack of comparability between LEED ratings and LCA results. 
The research concluded that from a life cycle perspective LEED does not provide a 
consistent, organized structure for achievement of environmental goals (Scheuer and 
Keoleian, 2002). This also signifies a need for LCA studies for developing improved 
sustainability indicators for road infrastructure rating schemes.  
Under the stated context, Life-cycle assessment (LCA) is becoming a growing international 
interest for sustainability assessment of infrastructure projects including roads. 
Consequently, it can be concluded that critical review of road LCA studies to-date under a 
well-defined system boundary would facilitate the emergence of new indicators covering 
most aspects of the environment dimension of sustainability and helps toward sustainable 
road development and management. 
2.4 Life Cycle Assessment (LCA)  
US Environmental Protection Agency (USEPA, 2010) defines life cycle assessment (LCA) as a 
systematic set of procedures for compiling and examining the inputs and outputs of 
materials and energy and the associated environmental impacts directly attributable to the 
functioning of a product or service system throughout its life cycle. Typically, upstream 
(extraction, processing, transportation and construction), use, and downstream 
(deconstruction and disposal) flows of a product or service system are inventoried. 
Subsequently, global and regional impacts are calculated based on energy consumption, 
waste generation and a select series of other impact categories (i.e., global warming, ozone 
depletion, & acidification) (Scheuer and Keoleian, 2002). This is often termed as a “cradle-
to-grave” approach.  
The ISO-EN-UNE-14040 regulation (2006) defines life cycle as the “consecutive and 
interrelated stages of a product system, from the acquisition of raw materials or the 
generation of natural resources until its final elimination”. LCA is closely related to 
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environmental impact. Therefore, according to ISO-14040, the LCA is the “collection and 
assessment of the inputs and outputs of any potential environmental impacts caused by the 
product system throughout its life cycle”(Peris Mora, 2007).  This means the LCA of a road 
pavement includes environmental effects for the construction, use phase impacts due to 
road characteristics, lifetime routine and periodic maintenances, strengthening or 
rehabilitation for extended life, demolition and possible reuse through recycling or 
recovering materials or energy. 
2.4.1 Life Cycle Assessment Tool 
The life cycle assessment (LCA) approach of measuring environmental burden is formalized 
by the International Organization for Standardization (ISO) 14040 series. Important 
documents in this series are ISO 14040: Principles and Framework (2006), and ISO 14044: 
Requirements and Guidelines (2006), which together provide fundamental concepts 
relevant to developing and conducting an LCA study. ISO breaks the LCA framework into 
four stages: goal and scope definition, inventory analysis, impact assessment, and 
interpretation. Figure- 2.3 describes these stages and their interrelations. 
 
Figure 2-3: Stages of an LCA (ISO-14040, 2006) 
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Goal and scope of an LCA study sets out the context of the study including the system 
boundary, the level of detail, and the intended use of the study (ISO-14040, 2006). 
Life Cycle Inventory (LCI) analysis involves creating an inventory of flows from and to nature 
for a product system. Inventory flows generally include inputs of water, energy, and raw 
materials, and releases to air, land, and water (ISO-14040, 2006). 
The life cycle impact assessment phase (LCIA) provides additional information to help 
assess a product system’s LCI results so as to better understand their environmental 
significance (ISO-14040, 2006).  
Life cycle interpretation is the final phase of the LCA procedure, in which the results of an 
LCI or an LCIA, or both, are summarized and discussed as a basis for conclusions, 
recommendations and decision-making in accordance with the goal and scope definition 
(ISO-14040, 2006).  
2.5 Road LCA Studies  
Despite lagging far behind to the building industry in applying sustainable practices, 
examination of recent trends indicates that sustainability is becoming a greater focus for 
roadway construction and  operation (Muench, 2010). As a result, life cycle assessment 
(LCA) for environmental impact study of road infrastructures has been getting gradual 
interest since 1996. Some notable studies worthy of assimilation towards whole-of-life 
configuration of impact components have been published. This led Santero et al. (2011b) to 
compile 15 published road LCA studies from 1996 to early 2010 to find their system 
boundary status.  He observed the following: 
 Materials extraction and production is the only component captured by each of the 
reviewed LCAs (15 studies). 
 Transportation of materials to production facilities and to the construction site is 
considerably less studied (9 studies). 
 Onsite equipment used in the construction of the pavement is accounted for in 
most of the studies (11 studies).  
 Traffic congestion due to construction and maintenance activities is mostly omitted 
(3 studies) 
 The use phase is almost neglected (2 studies). 
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 Maintenance phase though included in two-thirds of the LCAs, this is more 
complicated than commonly portrayed as a series of events over the analysis 
period (10 studies). 
 The End-of-life phase is also almost avoided (1 study). 
 
Santero et al. (2011b) stated that inclusion of only selected phases and components of the 
life cycle in a given analysis undermines the utility of the results, as the omitted elements 
often contribute significantly to the overall life-cycle impact and potentially change the 
conclusions from a given study. Other recent studies also underscored the lack of a 
comprehensive system boundary for conducting LCA of road projects (Zhang et al., 2010, Yu 
and Lu, 2012, Ting et al., 2012). 
The variation in system boundary frustrates proper comparison among the LCA studies and 
do not provide truly representative sustainability assessments of road projects. It is, 
therefore, important that sustainability related LCA studies use equal and consistent system 
boundaries (Klöpffer, 2003). This observation is also reflected in the “Agenda 21” of United 
Nations Conference on Environment and Development (Agenda-21, 1992), which provides 
the following description of sustainable development with specific reference to the 
construction industry in a follow up document- for Sustainable Construction in Developing 
Countries (Agenda-21, 2002).  
“Sustainable construction means that the principles of sustainable development are 
applied to the comprehensive construction cycle from the extraction and beneficiation 
of raw materials, through the planning, design and construction of buildings and 
infrastructures, until their final deconstruction and management of the resultant 
waste.” (p. 6) 
In view of the above scenario, the road LCA studies published since 2010 are evaluated to 
assess the recent trend in road LCA system boundary considerations. The findings are 
presented in Table- 2.1. It is seen that despite some improvement most of the recent road 
LCA studies either excluded or given limited coverage to the environmental components of 
the use, maintenance and end-of-life (EOL) phases of road life. For example, the use phase 
involves many aspects such as rolling resistance for road roughness and structural strength, 
albedo, signage and lighting, carbonation and so on (Table-2.2), but studies only considered 
the impact of road roughness on fuel consumption and it is in a simplistic approach without 
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detailing the changes of road conditions with varying scenarios of road maintenance regime 
and the changes of vehicle technology over time.  
Table 2-1 : A list of published road pavement LCA studies with their system boundaries. 
Authors       
 
[Legend: 
√ = Considered in the 
study] 
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Zhang et al (2010) USA √ √ √ √ √ √ √ 
Muench (2010) Different √ √ √   √  
Cross et al. (2011) USA √ √ √     
Cass and Mukherjee (2011) USA √ √ √     
Tatari et al. (2012) USA √ √ √     
Yu and Lu (2012) USA √ √ √ √ √  √ 
Ting et al. (2012) USA √ √ √  √   
Araujo et al. (2014) Portugal √ √ √  √ √  √  
Santosa et al. (2014)  USA √ √ √ √ √  √  √  
Liu et al. (2015)  USA √ √ √ √ √  √  √  
Chen et al. (2016) USA √ √ √ √ √   √  
 
The LCA studies in general considered the roadway’s pavement only. However, there are 
items outside the pavement e.g. land clearing, drainage cleaning, walkway albedo impact, 
signage, lighting etc. A few of these excluded roadway components may have significant 
whole-of-life environmental impacts too. Santero et al. (2011b)  identified data availability 
and project scope as the main constraints for exclusion of these elements from most of the 
LCA studies. Different components of road infrastructure LCA studies are discussed in the 
following sections. 
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Table 2-2 : Road life cycle assessment components. 
LCA Phase LCA Components 
Materials (a) Extraction and Production 
(b) Transportation 
Construction  (a) Onsite Equipment 
(b) Traffic Congestion 
Use  (a) Rolling Resistance (Roughness) 
(b) Rolling Resistance (Structural) 
(c) Albedo (Radiative forcing) 
(d) Albedo (Heat Island) 
(e) Signage and Lighting 
(f) Drainage and Land Cleaning 
(g) Carbonation, and  
(h) Leachate.  
Maintenance (a) Material (Onsite recycling) 
(b) Transportation 
(c) Onsite Equipment 
(d) Traffic Congestion,  
End-of-life (a) Onsite Equipment 
(b) Transportation 
(c) Material (Recycling) 
 
2.5.1 Road LCA Components  
The life cycle of a road pavement can be divided into five phases, which are materials, 
construction, use, maintenance and end-of-life (Santero et al., 2011b, Noshadravan et al., 
2013). Each phase comprises of several environmental components, which are listed in 
Table- 2.2. ‘Transportation’ and ‘Onsite Equipment’ components are common to all phases 
except the use phase. For the materials phase ‘onsite equipment’ is considered inbuilt with 
the ‘extraction and production’ component and for the construction phase ‘transportation’ 
is excluded as most of it is usually considered under the materials phase. The components 
of the construction phase and the maintenance phase are the same except when the 
materials of the existing pavement are processed onsite (recycling). For a new road ‘traffic 
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congestion’ is unlikely during the construction phase, while its intensity during the 
maintenance phase depends on the nature of intervention, traffic level, time of work and 
scope for detouring. The components are discussed in brief below. 
The materials phase comprised of the total upstream supply chain required to deliver 
processed materials for road construction and maintenance activities and can be broadly 
categorised as extraction and production. As the primary component of any road 
pavement, this phase has been considered as fundamental to all the LCA studies 
irrespective of system boundary definition. 
Transportation is required to carry materials from the extraction sources to the production 
plants, and then to the worksites. End-of-life management may also involve significant 
transportation to carry demolished road materials to landfill sites or to the production 
plants for recycling. Important factors are mode of transportation (road, rail or water), 
location of the project and the mass of material to be transported.  
Onsite equipment (including trucks) and construction related traffic use non-renewable 
energy and make emissions during the construction, maintenance and end-of-life phases.  
Implementation of road works under safe and efficient conditions often needs closure of 
one or several lanes; such situation temporarily hampers traffic flow and may cause 
congestion during peak periods. On heavily used routes, traffic congestion at work sites can 
drastically increase energy consumption and emissions (Lepert and Brillet, 2009).  
The use phase focuses on the impacts during the service life of the road. These are rolling 
resistance, albedo effect (solar radiation reflected off the surface), carbonation, leachate, 
roadway signage and lighting, and drainage and land cleaning.  
Pavement surface roughness and structural strength cause rolling resistance to vehicle, 
which increases significant fuel consumption. Chupin et al. (2012) reported that rolling 
resistance accounts for about 12% of the total fuel consumption. The impact of rolling 
resistance becomes significant because it affects every vehicle using the pavement (Ting et 
al., 2012). Increasing roughness causes more vibrations and reduces driving speed, and thus 
increases fuel consumption and pollutant emissions of vehicles (Yu and Lu, 2012). An earlier 
study by Amos (2006) reported 2.4% and 0.8% improvement in miles per gallon for diesel 
trucks and petrol powered cars respectively with 53% reduction in roughness. In case of 
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asphalt (not concrete), pavement structures influenced by its stiffness and visco-elastic 
properties contribute to rolling resistance, which affects fuel consumptions of vehicles 
significantly (Ting et al., 2012). At low speeds and under summer conditions, heavy trucks 
driven over asphalt pavements consume about 4% more fuel than if were driven over 
concrete pavement (Chupin et al., 2012). 
Albedo is the fraction of solar energy (shortwave radiation) reflected from the earth back 
into space. It contributes to global cooling by adjusting the radiative forcing1 of the earth’s 
surface and becomes important from the perspective of global warming (Santero and 
Horvath, 2009). Figure- 2.4 shows the albedo values of different earth features including 
asphalt and concrete pavements. Akbari et al. (2009) estimated that every 0.01 increase in 
albedo due to increased radiative forcing can offset 2.55 kg of emitted CO2 for every square 
meter. In dense urban areas, the incoming solar radiation absorbed by the pavement 
results in heat island effect2. The increased temperature increases the energy demand for 
cooling devices.  
 
Figure 2-4: Albedo values of different earth features including asphalt and concrete 
pavements. (Source: http://www.climatepedia.org/Albedo) 
                                                     
1 Radiative forcing is the difference between solar energy coming into the atmosphere and solar 
energy going out.  
2 Heat island effect is a temperature phenomenon in which heat-absorbing surfaces release heat 
absorbed from sunlight into the surrounding atmosphere. 
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Carbonation is a natural process of repossessing a portion of the CO2 that was originally 
released from the limestone during cement manufacture. The rate of carbonation depends 
on properties and exposure to the environment of the concrete.  
Leachate is the substance drained out from some pavement materials that may 
contaminate water systems and pose a threat to drinking water.  
Roadway signage and lighting is usually used in urban roads. The amount of lighting 
required varies based on the reflective properties of the surface material. Stripple (2001) 
finds significant energy consumption (almost 50%) by this component when total energy 
consumption in construction, maintenance and operation of 1km long road for 40 years 
was assessed excluding the inherent (feedstock) energy of asphalt.  
Maintenance phase has the potential to be a significant contributor to the overall 
environmental impact, as effective maintenance can minimize environmental impacts by 
providing a smooth and robust pavement over a longer period, thus reducing the negative 
impacts of the use phase.  For LCA study, this is identified as a complicated phase as it relies 
on the commitment and requirement of future generations (Santero et al., 2011b).  
The End-of-life (EOL) phase includes environmental burdens to dismantle and transport the 
old pavement, the environmental savings due to the reuse of old pavement materials, and 
the potential additional energy consumption to process the old pavement materials before 
they can be used (Yu and Lu, 2012). The scope for using materials from the old pavement to 
the new pavement relates EOL phase to the material phase and the construction phase.  
It is natural that the environmental components stated above have different impact levels. 
As a result, they have different control levels in delivering sustainable road infrastructure. It 
is, thus, important to identify controlling environmental components for delivering 
sustainable road infrastructure from whole-of-life sustainability perspective.  
2.5.2 Impact Level Assessment of LCA Components  
Road LCA studies started only at the mid-nineties of the twentieth century as found 
through literature search (Häkkinen T, 1996, Santero and Horvath, 2009). The studies 
conducted impact level assessments of road projects based on various criteria. The main 
variable criteria are environmental concerns, consideration to feedstock energy, analysis 
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period, and system boundary consideration. Compilation of the findings of different 
published LCA studies requires some common criteria.  
Environmental concerns of road projects in general are resource depletion, human health, 
global warming, acidification, depletion of stratospheric zone, eutrophication, photo-
oxidant formation and ecotoxic impacts (Häkkinen T, 1996). However, most of the LCA 
studies consider energy consumption and global warming potential (GWP)3 as the two 
major environmental concerns. Quality road material is a depleting resource because of 
demand from the growing massive built environment around the world. Hence, apart from 
energy use and emissions, material is also an important environmental concern for road 
projects.  
Only primary energy based impact level assessment of LCA components are considered in 
this analysis, as most of the LCA studies exclude feedstock energy based assessment. 
Bitumen possess significant feedstock energy and inclusion of feedstock energy in a 
comparative LCA study gives cement concrete pavement considerable edge over asphalt 
pavement because of its very high consumption level of non-renewable energy in the 
material component (Zhang et al., 2010, Yu and Lu, 2012). Since, the scope for bitumen to 
be used as an energy source is still limited, feedstock energy in road LCA studies are 
generally not considered.  
There are varying analysis period from 20 years to 100 years considered for the road LCA 
studies, with 50 years as the most preferred one. Santero and Horvath (2009) states that 
using a 50 year analysis period allows the impact from each component to fully materialize.  
However, conversion of findings of LCA studies of varying analysis period to that of 50 years 
analysis period is not a simple arithmetic, because there are many factors to be considered 
such as maintenance program, use phase impacts, traffic levels, material compositions, 
transport and equipment requirements, pavement layer thicknesses, design parameters 
etc. This initial study, therefore, considers a qualitative approach for comparing different 
impact levels.  
The findings of different LCA studies presented in tables, graphs, results’ discussions and 
conclusions are evaluated following Seidel’s noticing, collecting and thinking model for 
                                                    
3 The GWP factor is discussed in detail in Section 5.3.1: RUG Factor Measuring Unit 
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qualitative data processing (Seidel, 1998). The Seidel model is generally used for 
Ethnographic studies and currently available as a software tool. However, the basic theory 
explained in this model is found suitable for carrying out qualitative assessments under this 
study. The sequence of the adopted process involves identifying information through in-
depth observation of the data source, coding the findings for different areas of concerns, 
sorting the coded findings based on their impact levels and acceptability for the relevant 
theory, putting the screened findings in a table of matrix, analysis and thinking of the 
findings for their relative levels within the boundary of the study as well as comparing with 
other studies in the matrix for relative positions ,  and finally inferring values for 
presentation.    
The environment components covered by a LCA study are segregated into high impact (H) 
and low impact (L) based on relative levels of impacts of the components for different 
environmental concerns covered by the study. From quantitative considerations, the 
general boundary is above average impact level for the ‘H’ category and below average 
impact level for the ‘L’ category, though the differences are generally high and easily visible 
from the graphs and tables.   
Santero and Horvath (2009) studied all the important LCA studies until 2009 for the impact 
levels of different environment components. The findings of Santero and Horvath (2009) 
and other studies published from 2010 to 2016 are discussed in brief below with the 
findings complied in Table- 2.3.  
Santero and Horvath (2009) studied eight different components of road LCA using global 
warming potential (GWP) as measured by units of carbon dioxide equivalents (CO2e) as the 
environmental impact. The study presents the range of GWP for different components 
based on a functional unit of one lane-kilometre with a standard lane width of 3.6m for an 
analysis period of 50 years.  This study shows that the impacts of the use phase are most 
important for road LCA. The rolling resistance (roughness) and rolling resistance (structure) 
show the highest GWP impact among all components. Other components of high GWP 
impacts are traffic delay, albedo (radiative forcing), materials and transportation. On the 
other hand, onsite equipment, carbonation, albedo (urban heat island) and roadway 
lighting can have low level of GWP impacts. The impact levels are case specific based on 
material, traffic and other factors; so for a particular road project a likely low impact 
component can have high impact and vice-versa.  
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Table 2-3 : Qualitative impact assessment of LCA components. 
Authors       Concerns Life-cycle components’ 
impact levels 
Legend: 
H = High impact 
L = Low impact 
√ = Considered in the study 
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Santero and 
Horvath (2009) 
- √ H H L H H H Level assessed from the 
ranges as shown in Figure- 4  
Zhang et al. 
(2010) 
√ √ H L L H H - EOL studied for land filling 
only 
Muench (2010) √ √ H L L - - - Maintenance phase findings 
omitted for generalized 
values 
Cross et al. (2011) √ √ H L L - - -  
Cass and 
Mukherjee (2011) 
- √ H L L - - - Study limited to 
construction phase only. 
Tatari et al. 
(2012) 
√ √ H L L - - - Resource consumption 
studied, which reflects 
similar findings. 
Yu and Lu (2012) √ √ H L L L H H EOL done for 10-20% 
recycling and found as low 
impact. 
Ting et al. (2012) √ √ L L L - H - Only preventive 
maintenance, so less 
material requirement. 
Araujo et al. 
(2014) 
√ √ H H L - H -  
Santos et al. 
(2014)  
√ √ H L L H H - Use phase includes 
roughness component only 
Liu et al (2015)  √ H H L H H - Use phase includes 
roughness component only 
Chen et al. (2016) √ √ H - L H H - Assessment for high traffic 
roads only gave these 
findings. 
 
Zhang et al. (2010) studied LCA to compare a promising alternative material, engineered 
cementitious composites (ECC), with conventional concrete and hot-mixed asphalt for 
overlaying a badly cracked reinforced concrete pavement 10km long four lane highway. The 
design AADT was 70,000 with 8% heavy truck and up to 5% annual growth rate. The analysis 
period was 40 years with maintenance interventions as per Michigan DOT standards. The 
study found that material, construction-related traffic congestion, and pavement surface 
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roughness effects contribute most environmental impacts throughout the overlay life cycle 
in terms of energy consumption and GHG emissions for the three overlay systems.  
Muench (2010) reviewed 14 LCA papers consisting of 66 assessments of either actual or 
hypothetical roadways published from 2000 to 2009. The study reveals the following 
regarding energy use and emission of different LCA components: 
 Materials production makes up 60% to 80% of energy use and 60% to 90% of CO2 
emissions associated with construction.  
 Construction activities at the jobsite make up less than 5% of energy use and CO2 
emissions associated with construction.  
 Transportation makes up 10% to 30% of energy use and about 10% of CO2 
emissions associated with construction.  
 Maintenance activities over the life of a roadway (usually expressed as 40 or 50 
years) can account for 5% to 50% of energy use and CO2 emissions associated with 
construction. 
Cross et al. (2011) studied LCA to compare the environmental burden of employing cold in-
place recycling (CIPR) with the environmental burden of the conventional maintenance 
options with a 3-inch Hot-mix asphalt (HMA) overlay. The LCA is limited to the construction 
of different reactive maintenance options. The LCA components considered are material, 
transportation and construction. This study conducted a sensitivity analysis for different 
levels of asphalt demand- 0%, 50% and 100% for four types of treatment options as stated 
below. The LCA study findings on different LCA components for 100% asphalt demand are 
presented in the Table- 2.3.  
 CIPR with 4-in. mill depth and 1.5-inch HMA overlay. 
 CIPR with 4-in. mill depth incorporating 20% add-stone with 1.5-inch HMA overlay. 
 Mill and fill with 3-in. mill depth and 3-inch HMA overlay placed in two equal lifts. 
 Two-course overlay consisting of a 3-inch HMA overlay placed in two equal lifts. 
Cass and Mukherjee (2011) studied GHG emissions for highway construction operations by 
using a hybrid LCA approach. The study assessed GHG emissions for materials, onsite 
equipment and transportation components. It was found that the equipment and 
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transportation components together represent only 6-10% of the emission and the rest 
with the materials. 
Tatari et al. (2012) studied a hybrid life cycle analysis of continuously reinforced concrete 
(CRCP) and hot-mix asphalt (HMA) pavements. Equivalent performance designs of 1 km 
pavement for both CRCP and HMA were studied for life cycle resource consumption and 
emissions. The components considered were materials, transportation, manufacturing and 
construction.  
Yu and Lu  (2012) studied LCA of three overlay systems as stated below for an old Portland 
cement concrete (PCC) pavement for a design annual average daily traffic (AADT) of 70,000, 
with growth rate 4% a year and 8% truck. Energy consumption and GHG (greenhouse gas) 
emissions were studied for a functional unit of one kilometre with four lanes in two 
directions and an analysis period of 40 years. The energy consumptions and emission levels 
for all the three overlay systems are dominated by material, congestion, and usage 
modules. If usage module is not considered, the energy consumptions for PCC, HMA, and 
CSOL options witness reductions of 40%, 50%, and 44%. These findings show the 
significance of the use phase components.  
 Replacing existing PCC with a 250 mm new PCC. Diamond grinding to be performed 
every 16 years as a periodic rehabilitation strategy. 
 Replacing existing PCC with a 225 mm HMA. Mill-and-fill of 45 mm HMA surface to be 
done every 16 years as a periodic rehabilitation strategy. 
 Crack and seat of the existing PCC pavement and then overlay with 125 mm HMA 
(CSOL).  Mill-and-fill of 45 mm HMA surface to be done every 16 years as a periodic 
rehabilitation strategy. 
Ting et al. (2012) conducted LCAs to evaluate energy use and GHG emissions associated 
with material production, construction and pavement use from different pavement 
rehabilitation strategies. The primary goal of the case studies was to evaluate the effect of 
rolling resistance on the life cycle performance of pavements. Energy and GHG emission 
savings from pavement rehabilitation were compared with an alternative of only routine 
maintenance of damaged pavement and no rehabilitation. The study results show that for 
highway sections with high traffic volumes the energy and GHG savings accrued during the 
use phase due to reduced rolling resistance can be significantly larger than the energy use 
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and GHG emissions from material production and construction, with the extent of the 
benefit dependent on constructed smoothness.  
Araujo et al. (2014) carried out a LCA case study for four different asphalt pavement 
structures for a particular road section of 1.0km length and 9.0m width over a period of 20 
years. The high AADT of 22,565 with heavy traffic of 6.57% and traffic growth projection of 
1% in the first 10 years and 3% in the later 10 years results in a pavement design for 92.1 
million ESA. The designed structures had same granular foundation layers but of different 
asphalt base and binder layers (conventional and recycled) and asphalt surface layers 
(conventional and polymer modified). The pavements were tested in laboratory for rolling 
resistance with an adapted Wheel Tracking Test apparatus. The different pavement 
structures involve different levels of resource consumptions, energy inputs and emissions 
during construction. On the other hand, the varying pavement surface smoothness caused 
varying energy consumptions and emissions during the use phase. It was seen that the 
energy consumptions and GHG emissions during the use phase were about 700 times and 
1000 times higher respectively than those at the pavement construction phase. It was also 
seen that the reductions in energy consumptions and emissions during the use phase for 
the smoother pavements were higher than the total amount of energy consumptions and 
emissions during construction.  
Santos et al. (2014) carried out LCA extending into the use phase for a highway 
rehabilitation project in Virginia, USA having an AADT of 25,000 vehicles with 28% trucks. 
The use phase included only roughness induced rolling resistance. The maintenance and 
rehabilitation strategy for a 50 years analysis period included three options- (a) cold in 
place recycling + overlay for 4 times, (b) traditional mill and fill + overlay for 4 times, and (c) 
correction by 5% full depth patching + overlay for 10 times. Some of the key findings were: 
a) The use phase accounts for up to 97% of the overall life cycle environmental impacts. 
b) Increasing the strength of the pavement decreases the frequency of maintenance 
needs and also decreases the environmental burdens significantly. 
c) The cold recycling based treatment strategy reduces environmental impacts and 
energy consumptions significantly in comparison to other two strategies. 
Liu et al. (2015) studied a regional LCA model for a Colorado Department of Transportation 
(CDOT) highway reconstruction project to evaluate the GHG emissions of the pavement 
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investment decisions based on conventional life cycle cost analysis (LCCA). Both LCA and 
LCCA were done for Portland cement concrete (PCC) and hot-mix asphalt (HMA) pavement 
options for a period of 40 years. The LCA included all the phases with use phase considered 
pavement roughness component only. The findings favoured HMA over PCC by 7.4% of 
LCCA, while PCC over HMA by 26% of LCA.  
Chen et al. (2016) did LCA of common pavement types in USA at three different traffic 
levels for 20-year and 40-year pavement designs. The study gave special focus on 
congestion and rolling resistance (roughness) components. It was seen that impact of 
congestion component due to construction and maintenance activities grow significantly 
with the increase of traffic level. The environmental advantage of the 40-year designs over 
the 20-year designs also significant at high traffic volumes only.   
2.5.3 Controlling Road Environmental Components  
The findings presented in Table- 2.3 identify materials (extraction and production), traffic 
congestion, rolling resistance and albedo as high impact components, while transportation 
and construction equipment as low impact components. LCA studies generally considered 
traffic congestion as a component during construction and maintenance activities, but 
there can be significant level of congestion during the use phase too because of urban peak 
hour traffic and limited capacity of the roadway.  
The findings of Figure- 2.5 (Santero and Horvath, 2009) for the transportation component 
differ with those of other studies, which is based on elaborated study considering cases like 
long-haul material supply, requirement of high emission road-way transportation, and large 
new construction using virgin materials etc. In addition, there are issues like noise and dust 
pollution, toxicity of transport leachate, traffic safety, and LCA consideration of high 
transportation need of regular maintenance and operation activities. Therefore, this study 
recommends transportation as a high impact component. Most of the transportation 
component occurs under the materials phase, which includes transportation of materials 
from the sources (including part of the dismantled materials from the old pavement during 
the EOL phase) to the production plants and then from the production plants to the work 
sites. As such, for a simplified study environmental impacts of transportation only for the 
materials phase can be considered.  
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It is seen that the End-of-life (EOL) phase has not been considered by most of the LCA 
studies and hence less understood for a comparative assessment. This is in contrast to 
Rajendran and Gambatese (2007) study that EOL accounts for more than 50% of the total 
amount of waste generated over the entire life of a roadway. Ventura et al. (2008) found 
that except for the toxicity (human being) and ecotoxicity (other living species), all other 
concerns e.g. GHG emission, energy use, eutrophication, acidification, and tropospheric 
ozone formation reveals a trend of decreasing potential environmental impacts with an 
increasing recycling rate. However, Santero et al. (2011b) described the small concentration 
of the toxic compounds into storm water runoff quoting other studies; hence toxicity is less 
likely to be injurious with necessary precaution. Considering the depleting resources 
around the world and the level of waste generation the EOL phase can be considered as a 
high impact one to promote extended use of recycled materials in future road works. 
Therefore, the material component (recycling) is proposed as a high impact component. 
This will reduce the impacts of materials phase as well by the reduction of extraction and 
transportation activities required for virgin materials. Land and drainage cleaning 
component has not also been studied in any of the studies. It involves mostly onsite 
equipment use and likely of low impact category.  
Most of the studies did not include road lighting component. Santero and Horvath (2009) 
study found that it can have upper low-level environmental impact. Considering growing 
urbanisation, socio-economic improvement, higher emphasize to safety and security needs, 
maintenance cost of road lighting including electricity supply, and to promote the use of 
solar energy for road lighting, this study recommends road lighting to be included in the list 
of critical environmental components.   
Based on the above analysis, the following road environmental components can be 
identified as important for a road LCA study since they have controlling effect on the 
assessment outcome, i.e. omission of any of them without proper justification may lead to 
erroneous outcome.   
i) Material extraction and production 
ii) Material transportation 
iii) Traffic congestion  
iv) Rolling resistance to traffic 
v) Albedo 
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vi) Road lighting 
vii) End-of-life recycling 
2.6 Road LCA System Boundary  
The context of the studied road LCAs in Section- 2.5 infers that inclusion of all the 
environment components in road LCA system boundary is likely to be counter-productive in 
promoting LCA of road projects. The reasons are: (a) risk of data availability, (b) negligible 
influence of low impact components, and (c) longer LCA processing time with consequent 
delay in decision-making. 
As such, a LCA system boundary comprising only high impact environment components will 
be more effective for extended and improved application of sustainability in road project 
development and management. Accordingly, a road LCA system boundary comprising only 
high impact environment components as identified in this study is presented in Figure- 2.5. 
For urban roads, ‘traffic congestion’ can be included under the use phase as a critical 
component.  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 2-5: Proposed simplified system boundary for road project LCA study. 
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2.7 Further Work 
The developed Road LCA System Boundary Model identifies the critical environmental 
components of road life cycle. Addressing these components can assist development and 
maintenance management works of a road network in a more sustainable way.  
Road agencies have been using road asset management tools to manage their road 
network. In addition, there are recent initiatives in delivering sustainable infrastructure 
projects that brings various sustainable rating schemes. Some of these schemes are 
specifically developed or suitable for road projects. The gaps identified in the life cycle 
assessment of road projects in this chapter indicate the absence of adequate 
environmental indicators throughout the road life cycle particularly that of use and 
maintenance phases. Therefore, a review of the relevant rating schemes and the road asset 
management tools are important to identify the environmental indicators or parameters 
available at present from whole-of-life consideration. As a follow-up, the development of 
required indicator can be advanced based on available relevant scientific findings.  
2.8 Summary    
Sustainable development and management of road networks requires addressing the 
environment issues appropriately. One of the main environmental concerns is emissions 
from different aspects of road life that contributes significantly to the global warming 
phenomena.  Life cycle assessment (LCA) of road projects can address high emission 
environmental components at different phases of a road life. There is a need of system 
boundary model that can identify these environmental components for carrying out LCAs 
more effectively. Reviews of important road LCA studies helped identify the components 
and propose a comprehensive road LCA system boundary model.  
There are infrastructure sustainability rating schemes and road asset management tools 
available for road project development and maintenance management. Environmental 
indicators used in these schemes and tools can be identified and checked for their 
inclusiveness in the system boundary model. The gaps, thus identified, would provide scope 
for the development of new indicators to encompass the whole of design road life emission 
management requirements.  
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The road indicators need to quantify life cycle emission levels to facilitate the selection of 
best possible construction and maintenance options from global warming point of view. 
The indicators development methodology requires a quantitative approach for validation of 
the new indicator. Literature search did not provide any methodology suitable for 
quantitative approach, but a scientific methodology involving multi-stage rigorous 
validations for qualitative approach. It is hypothesised that this methodology can be 
modified to deliver life cycle road environmental indicators to meet the objectives of this 
research work.  
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Chapter 3 : Research Methodology 
3.1  Introduction  
The area of focus of this study is to find ways for addressing global warming phenomena in 
relation to road infrastructure. It requires management of life cycle greenhouse gas (GHG) 
emissions from roads. The emissions from road works and road uses need to be assessed 
and optimised considering the practical aspects of road maintenance regime under a 
constrained budget situation. The life cycle environmental indicators, to be developed to 
address this complex scenario, require to be designed and validated considering multilevel 
risks associated with quality data identification and collation, assimilation of the data using 
appropriate scientific parameters and engineering tools, interfacing primary analytical 
findings with scientific reasoning; formulation of the environmental concerns with 
equations by synthesising constants, variables and limits as appropriate; assessment of the 
developed factors for their representation of the areas of concern, reciprocation of the 
factors with suitable unit of measure to create the indicator, accommodation of the 
indicator with other indicators in use as required for achieving sustainable development. A 
research methodology involving multistage rigour to address different phases of indicator 
design and authentication is, therefore, important for developing strong and fit for purpose 
life cycle environmental indicators to deliver sustainable road infrastructure.  
3.2  Research Design  
The literature review presented in Chapter 2 suggests that there is a need for road 
environmental indicators that can bridge or cover the gaps in the expectation of whole of 
life environmental assessment of road infrastructure for their sustainable development and 
management. One of the main objectives of achieving sustainability is to reduce carbon 
emission from road works and uses, and hence contributions to the global effort in 
minimising the impact of climate change. As such, indicators to be developed require 
capability of addressing the targeted road environmental components on a quantitative 
basis. For example, the application of an indicator in road maintenance strategy- ‘A’ and ‘B’ 
shows reduction of GHG emissions by ‘Y1’ and ‘Y2’ levels respectively; then the difference 
between ‘Y1’ and ‘Y2’ can be an important factor in the decision making process.   
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It is understood that the traditional qualitative approach of indicator development through 
interviews, surveys, workshops and case studies is unlikely to deliver a representative 
indicator to address the need of road carbon footprint reduction on a quantitative basis 
(Lim, 2009). Besides, life cycle environmental analysis of roads is a relatively new field of 
research, while industry level application is still in an early conceptual stage. As such, the 
expert pool for consensus based indicator validation using tools like Delphi is very limited 
and uncertain. It is hypothesised that the development of a quantitative road 
environmental indicator requires a significant level of quantitative analysis and some 
qualitative analysis using industry-generated data on road conditions, road works, traffic 
levels and their environmental consequences in terms of GHG emissions.  
Under the stated circumstances, a rigorous overreaching scientific methodology is required 
to design and validate the road life cycle environmental indicators. It is envisaged that a 
scientific approach can ensure development of the indicators based on their true (to the 
best possible) relative impact levels during the life cycle of road infrastructure. The first 
phase study needs detail analysis of the identified high impact road environment 
components (identified in Chapter- 2) considering major environment factors e.g. energy 
consumption and global warming potential (GWP) based on information from available 
published resources and industry. The second phase study requires development and 
finalization of indicators through a strong validation process that includes applicability 
assessment of the indicators using suitable tools accepted by the relevant industry.  
The area of focus of this study is addressing global warming phenomena for the part of road 
infrastructure through whole of life assessment. The scope for quantification of global 
warming potential of road works and uses, and the need of definitive factors for improved 
industry level application require multi-level scientific validation of the prospective 
indicator. Bockstaller and Girardin (2003) stated that an environmental indicator can be 
considered validated if it is scientifically (thoroughly) designed, provides relevant 
information, and useful to the final users. The scientific aspect stated in the 3-Stage 
methodology developed by Cloquell-Ballester et al. (2006) for conventional indicator 
development is a very rigorous approach. This is discussed in Section 2.1.1 of this thesis. 
However, that method mainly relies on qualitative approach based on Delphi survey. 
Considering the objective of developing quality road indicators and the predominant 
quantitative analysis requirements under this study, a 6-Stage methodology is developed 
that upheld the scientific aspect laid in the 3-Stage methodology. This 6-Stage methodology 
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includes additional stages due to the need of both quantitative and qualitative analysis, and 
integration of the developed indicator with other indicators in place for sustainable delivery 
of the system under study.  
3.3  6-Stage Indicator Development Methodology 
The proposed 6-Stage Methodology is presented in Figure- 3.1. This methodology has two 
different phases for indicators development. Phase- 1 includes 2 stages of indicator design 
and Phase- 2 includes 4 stages of indicator validation.  
3.3.1 Stage- I: Indicator Scoping 
This first stage involves scoping for the new indicators to be developed. It requires rigorous 
search of relevant literature, theorems and models, application tools including their 
manuals to identify the current indicators. A good number of indicators may be found from 
different sources, while some of them may address the same areas. There may be no or 
minor variation in the areas of influence of a group of indicators. As a result, it needs 
segregation of the identified indicators based on their areas of influence. It would help to 
find the gaps or areas that need new indicators. It is likely that there may be a big gap with 
no available indicator or areas having some poor indicators. Based on the search outcome, 
one or two important areas, or a group of related areas that collectively have a big 
influence can be scoped for the new indicator.  For example, as per primary literature 
review there are needs of indicators to address the use phase of road infrastructure. The 
use phase involves maintenance phase to keep a road serviceable. Therefore, a new 
indicator may include multiple environmental components from both the use and 
maintenance phases to quantify their collective impacts on environment.  
3.3.2 Stage- II: Indicator Layout 
Based on the scoping exercise in Stage- I the indicator will be given a structured and 
substantive outlook in this stage. It may involve a series of conceptual trial and error 
exercises as long as a sound framework is developed. The exercises with the available tools, 
theorems and models would help to conceptualise the new indicator regarding its 
quantitative or qualitative nature, unit or index of measure, computational compatibility, 
impact assessment mechanism, reporting and follow-up procedures. Once the general 
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framework is erected, a delicate exercise is required to trim off less important and 
redundant components to give it a firm shape. This is important because data for 
quantification of some less important components may be difficult to achieve and that may 
hinder availability of the indicator values for its intended application. The literature review 
in Chapter-2 identified that some of the components have very low influence in the whole 
of life assessment.  
It is necessary to make the indicator computable with the readily available or developed 
data and information, distinguishable from other available indicators, easy to understand 
and exercise by the intended users, and clearly conveyable to the decision makers. This 
stage completes with proper formulation of the indicator for each of its components with 
valid theory, survey procedures or mathematical/statistical equation/exercises. The 
formulation of the components will calculate value of the indicator that will provide 
indication on the impact levels. 
3.3.3 Stage- III: Primary Validation of Indicator   
The scoping of validation of the designed indicator is the primary stage of validation.  It 
involves sourcing, screening and authentication of data for facilitating quantification of the 
indicator. If quality secondary data is not available, then primary data needs to be 
generated. This requires appropriate tools for the quantification purpose. In absence of any 
appropriate tool or software, development of a customised tool or quantification 
methodology may be required. The tool should be able to address the equation, formula, or 
hypothesis included in the designed indicator. One or more interlinked tools may be 
required to complete the process. The process is likely to require a set of scientific 
parameters, values of which may be available from literature search or needs to be 
developed.  
The collection/creation of data, tools and parameters requires a lot of rigour to ensure their 
genuineness and completeness for proper quantification of the indicator. Any error may 
lead to a different outcome or even a total failure of the effort thus dedicated. Therefore, 
the whole process requires crosscheck with alternate sources of information or scientific 
judgement.  
The significance of primary validation is that it confirms availability of the indicator through 
quantification with accessible data, information and tools. Shortage or weaknesses in any 
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of the issues may not deliver the indicator because of incomplete or failed quantification. 
The stated rigour in the validation process ensures quality indicator delivery.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1: Proposed Indicator Design and Validation Process Flowchart. 
Stage – I : Indicator Scoping 
 
 Identifying current indicators. 
 Categorizing areas of influence of current indicators. 
 Isolating areas that need new indicators. 
 
Stage – II : Indicator Layout 
 
 Conceptualisation of indicator. 
 Defining boundary of indicator. 
 Formulation of indicator. 
 
Stage – III : Primary Validation of Indicator  
 
 Sourcing/development of data for indicator quantification. 
 Sourcing/development of parameters for indicator quantification. 
 Sourcing/development of tools for indicator quantification. 
 
Stage – IV : Secondary Validation of Indicator  
 
 Impact assessment of the developed indicator. 
 Substantiate the indicator through critical analysis.  
Stage – V : Tertiary Validation of Indicator  
 
 Integration of the indicator with other indicators in the system. 
 Output assessment of the indicator. 
 Characterisation of the indicator for its extents and limits.  
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Stage – VI : Final Validation of Indicator  
 
 ‘Conceptual coherence’ of the indicator is assessed satisfactory. 
 ‘Operational coherence’ of the indicator is assessed satisfactory.  
 ‘Utility’ of the indicator is assessed satisfactory.  
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3.3.4 Stage- IV: Secondary Validation of Indicator   
As the quantification of the indicator is validated by sourcing and authenticating data, tools 
and parameters, it requires impact assessment of the indicator. The process may involve 
alternative scenario development and compare them with the developed indicator. The 
quantification of the indicator for the different scenarios would facilitate their comparative 
assessment and thus scoping for screening the suitable scenarios. Critical analysis using 
statistics and/or mathematics and/or hypothesis and/or models, as the field of work 
supports, would facilitate the validation process of this stage to conclude.  
The impact assessment as stated above requires selection of a tool or methodology to 
create different scenarios with varying conditions and responses. For example, a road can 
have different maintenance intervention options with consequent varying road physical 
conditions. The indicator should be able to read the alternative scenarios with distinction. 
For road infrastructure, a treatment strategy or scenario may involve one or more 
rehabilitations, one or more resurfacings (asphalt overlays or spread sealing) and 
continuous routine maintenance activities over a study period of say 30, 40 or 50 years. 
There may be many hundreds of scenarios based on local conditions, funding regime, 
political expectations and corporate priorities. The validation process needs to be evaluated 
for the outcomes of different aspects of scenario development to exclude the risks of 
methodical, computational or general human error in the process. This may help refining 
the indicator further by eliminating complexities or uncertainties if any, which might not be 
detected during the process of indicator design.  
This stage of validation helps to understand any positive impact of the developed indicator 
to address the issues of concern. It may require a series of scenario assessments for 
different types of roads with varying traffic and physical road conditions to derive a 
conclusion about the impact of the indicator. If there is no reasonable impact identified 
through the process, then there might be some error in the indicator design process or 
there is no need of such indicator to achieve sustainability of the system under study.  
3.3.5 Stage- V: Tertiary Validation of Indicator   
The indicator, designed and validated henceforth through four different stages may need to 
be integrated with one or more indicators in the system to facilitate its effective application 
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in the intended industry. It can be explained as a system that may have different areas of 
concern. Some of the concerns may already have established indicators, while the others 
do not. If the new indicator is aimed to address one or more of the remaining concerns, 
then it may require confirmation of its place as a supplement to the old indicators. 
Alternatively, if it is aimed to be a robust replacement to one or more of the existing 
indicators, then it may also require confirmation as accommodative in the redefined 
configuration.  
The stated exercise is likely to be a very delicate one because of intrinsic properties and 
area of focus of different indicators. The complexities associated with the process may not 
be conducive to deliver a complete Stage- V validation for industry level approval of the 
new indicator. There may be limitation of necessary scientific theory or model to do the 
integration study. There may be limitation of research scoping too due to the extent of a 
particular study. As such, this stage may end up with incomplete outcomes. However, a 
systematic approach possibly with sensitivity analysis for different combination or scenario 
outcomes followed by critical analysis and reasoning are important to substantiate the 
validation process. The findings would be helpful for characterising the indicator regarding 
its impact levels, strength and weakness, scope for further enhancement and compatibility 
to the intended users.   
The importance of the integration study can be explained as follows. There are well-
accepted economic indicators for project selection. These are cost-benefit-analysis based 
indicators such as benefit cost ratio and net present value. For the intended application of a 
new indicator for project selection, there is a need of appropriate integration or trade-off 
between the economic indicator and the new indicator. Otherwise, the new indicator 
would not yield any impact for project selection because of reluctance from the relevant 
industry. Eventually the new indicator would lose its importance and not be used.  
3.3.6 Stage- VI: Final Validation of Indicator   
This stage is an audit of the whole process of indicator design and validation stated in the 
earlier five stages. This stage confirms that the developed indicator satisfies all the required 
scientific aspects for its completeness. The three fundamental points of view that an 
indicator should satisfy, identified by Cloquell-Ballester et al. (2006), are considered for 
assessment in this stage. These are stated below (next page). 
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a) ‘Conceptual coherence’ that determines the correct relation between the 
measuring instrument (indicator) and the measuring object (environment/social 
equity).  
b) ‘Operational coherence’ that determines the correct definition of the internal 
operations of the measuring instrument.  
c) ‘Utility’ that determines the indicator’s applicability in environmental and social 
impact assessment studies.  
To address the three fundamental points of view Cloquell-Ballester et al. (2006) developed 
a set of 12 questions, which is presented in Table- 3.1. These questions are considered for 
final validation of the indicator under this stage. It is imperative that a good indicator 
satisfies these questions satisfactorily if they are relevant to the areas of focus; else, the 
indicator design process may be reviewed and validated again, or be justified with 
reasoning for the non-compliance. 
3.4  Strength of the Developed Methodology  
Moldan and Dahl (2007) stated that development of indicators involves methodological 
compromise among technical feasibility, public availability to use, and systemic consistency. 
Niemeijer and de Groot (2008) emphasized importance on the selection process of 
indicators rather than the individual indicators. Considering these statements this research 
study has proposed a rigorous six stage systematic methodology for the development of 
road environmental indicators, which includes detail scientific analysis involving both 
quantitative and qualitative processes for indicators development and validations using 
established industry level tools and customised need based methods and models.  
This methodology is a modified version of the 3S Methodology developed by Cloquell-
Ballester et al. (2006) based on Bockstaller and Girardin (2003) observation for scientific 
validation of environment indicators. However, the approach is different here because of 
more quantitative focus of the indicator with available industry level data and scope for 
quantitative comparisons. It is noted that the 3S methodology has been widely valued by 
other researchers (Hak et al., 2012, Joumard et al., 2011, Donnelly et al., 2007, Roy and 
Chan, 2012)  for its stringent approach of validating sustainability indicators.  
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Table 3-1 : Final validation questionnaire from three fundamental points of view 
(Cloquell-Ballester et al., 2006) 
No. Question detail How the question 
is addressed 
Comment 
Conceptual Coherence 
1 The definition of the indicator and the concepts that 
comprise it up is suitable.  
  
2 There is a biunivocal correspondence between the 
indicator and the factor to be quantified.  
  
3 The interpretation and meaning of the indicator are 
suitable.   
  
Operational Coherence 
4 The mathematical formulation of the indicator is 
suitable with regard to the concept, which is to be 
quantified.  
  
5 The data used to establish the indicator and its units 
are suitable.  
  
6 The proposed measurements procedure to obtain 
the indicator are suitable, allowing for its 
reproduction and comparison.  
  
7 The indicator accuracy is suitable to quantify the 
factor and it is sensitive to changes in the latter. 
  
Utility 
8 The indicator reliability is suitable.   
9 The reliability of the source of data which the 
indicator is made up of is suitable.  
  
10 The accessibility to the data and the applicability of 
the indicator are suitable.  
  
11 The information provided by the indicator may be 
catalogued as reliable. 
  
12 The cost of the production of the indicator can be 
considered acceptable. 
  
 
A recent study (Roy and Chan, 2012) on 18 cases of sustainability indicators development 
and their validation methodologies in the field of agriculture found that most of the cases 
(10 nos.) involved a single stage validation, 5 cases involved 2 stage validation and 3 cases 
no validation at all. Therefore, the multistage validation is not popular yet possibly due to 
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requirement of additional time, cost and rigor; and uncertainty in drawing conclusion from 
differing levels of understanding in different stages of validation.   
Under the above circumstances, the proposed methodology with 6 stages of validation for 
developing road environmental indicators based on scientific analysis of whole-of-life 
environmental impact assessment of road infrastructure is a strong approach of developing 
sustainability indicators with multi-level evaluation and crosschecking by both quantitative 
and qualitative processes.  
3.5  Summary   
This research study aims to deliver environmental indicators corresponding whole-of-life 
assessment of road infrastructure to minimise GHG emissions from road works and uses by 
optimising roadwork programs. Accordingly, the study has been designed with relevant 
rigorous literature search, in-depth systematic investigation and multi-stage converging 
analysis following a scientific methodology.  
The developed methodology involves both quantitative and qualitative analysis with a 
higher focus on the former because of the objective of developing quantitative indicators to 
address road life cycle emission impacts on a quantitative basis. It includes six stages of 
development with the first two stages for indicator design and the remaining four stages 
for a rigorous series of indicator validation. The validation stages are designed to ensure 
data, parameters and tools for the quantification of the indicator, impact assessment of the 
indicator by option analysis, and integration of the indicator with other indicators in use. 
The validation process ends with an audit of the whole indicator development procedure 
from three fundamental points of view, which are conceptual coherence, operational 
coherence and utility. 
The tools and procedures used in contemporary road asset management industry would be 
able to support the validation process as detailed in the methodology. However, it is 
envisaged that most of the parameters for the study needs to be developed.  
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Chapter 4 : Road Environmental Indicators 
4.1 Introduction 
The design of road environmental indicators needs identification of the areas of concern 
first. There are indicators already in use for achieving sustainability in the field of road 
infrastructure. It is important to identifying the existing indicators for assessing their area of 
influence i.e. the road environmental components they address. There are infrastructure 
sustainability rating schemes and other road asset management tools that include various 
environmental indicators. Review of these schemes and tools can give a list of indicators 
available now, while the developed road LCA system boundary model can define the extent 
of search for the gaps of indicators to address the whole of road life emission aspect. Based 
on the findings and the scope for further advancement, there may be one or more 
indicators to be designed for validation following the developed methodology. This chapter 
presents in-depth reviews of different rating schemes, identifies the current indicators and 
proposes the primary design of a new life cycle road environmental indicator for the most 
impacting use phase of roads. 
4.2 Sustainability Schemes  
Various sustainability Schemes have been emerged to facilitate sustainable development 
since the UK based Building Research Establishment Environmental Assessment Method 
(BREEAM) rating Scheme was developed in 1990. Subsequently sustainability assessment of 
building industry has achieved good progress. On the contrary, interest about the 
sustainability of infrastructure sector is relatively new. In Australia, Engineers Australia in its 
2005 Australian Infrastructure Report Card singled out sustainability as the core issue to be 
addressed in Australia’s infrastructure development for the first time (Lim, 2009). 
Despite the delayed start, a number of initiatives have been taken for developing 
sustainability assessment schemes for the infrastructure sector. The big presence of various 
infrastructures in the built environment along with expected huge investments drives 
governments across the world to come up with relevant policy supports. There are rating 
schemes for all-infrastructures as well as for individual infrastructure class. The all-
infrastructure type schemes have a more general approach, while the individual 
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infrastructure class schemes have a more specific approach. IS (Australia), Envision (USA), 
CEEQUAL (UK), Invest (Australia), and Greenroads (USA) rating schemes are most popular in 
the industry and relevant to road infrastructure sustainability assessment (Shaw et al., 
2012a).  
These schemes are generally developed on sustainability indicators covering three 
components of sustainability- environment, social well-being and economy. However, 
Soderlund (2008) observed inconsistent standards and inadequate consideration to all the 
three dimensions in the sustainability efforts. A recent study also confirmed these findings 
along with  exclusion of operation and EOL phases of the road infrastructure by most of the 
rating schemes (Shaw et al., 2012a). As of 2013, all the five sustainability rating schemes 
provide design phase evaluation, while IS has an option for construction and operation 
phase evaluation and CEEQUAL has option for construction phase evaluation. In 2015, 
Envision added construction, operation, and deconstruction phases. Greenroads and Invest 
give project based assessment covering design and construction phases. Comparing the 
three phases of IS scheme it is found that there is little variation regarding the list of credits 
under each phase. Most of the design phase credits exist during the construction and 
operation phases.  On the other hand, design phase is the most crucial phase for decision 
making on any project. It needs to include all the significant environmental components 
from a predicted whole-of-life analysis.  
To identify the existing road environment indicators, the selected five rating schemes are 
reviewed for the relevant LCA environment credits considered for the design phase. 
However, some schemes do not have design only option and client (planning) or 
construction phase is included with the design phase. As a result, those schemes are 
studied accordingly focusing the design phase related credits/issues. The schemes have 
different themes and credits and different scoring systems. To have comparable findings 
the scoring of the credits of each scheme are converted to percentage (%) weighting. 
Energy consumption, emissions (GWP) and materials are considered as the main concerns 
to find the relevant credits of the schemes as detailed in Section- 4.3.  
4.3 Scheme Assessment Method 
The rating schemes have been developed on different credits, also known as concerns or 
issues, which address different dimensions of sustainability. Each of the credits is assigned 
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with a score point based on the weighting given to the credit. Under this study, the 
environment credits of the sustainability rating schemes were identified and assessed for 
their coverage to different road life cycle environmental components (LCECs), such as 
material processing, transportation, traffic congestion, rolling resistance, albedo, lighting 
and end-of-life (EOL) recycling as identified by the developed system boundary model 
(Figure- 2.6).  
The credits of each of the rating schemes were studied separately to identify the 
environment related credits based on the guidance and explanation given in the respective 
scheme manual. The identified credits were then studied in detail to assess their coverage 
to different LCECs. This resulted in combination of both qualitative and quantitative 
assessment. Some of the credits cover multiple LCECs and the share of each LCEC in a 
particular credit was not feasible to separate. An example of credits’ coverage to different 
LCECs is shown in Table-4.1. Here, 3 (three) LCEC related credits are taken from a typical 
“all-infrastructure” rating scheme, which has 9 (nine) LCEC related credits out of total 55 
(fifty-five) credits for sustainability assessment.   
Table 4-1 : Typical LCA related environmental credits with their weighting and coverage. 
Credits Road Life Cycle Environmental 
Components (LCEC) 
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1 Use recycled materials 14 1.66 √       
2 Use regional materials 10 1.18 √ √      
3 
Provide for 
deconstruction and 
recycling 
12 1.42      √ 
Total 55 Credits 845 100  
 
In Table-4.1, typical environmental credits of a scheme are presented that are associated 
with road LCECs. The weighting of each credit is based on percentage score of the credit 
relative to the aggregated scores of all the credits in the scheme. For example, the 
weighting 1.18 of credit ‘2: use of regional materials’ is obtained as a percentage of its 
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score of 10 with the total score of 845 for all the credits ((10/845) x 100). This weighting 
1.18 relates to two LCECs- material processing and transportation as presented in Table- 
4.1. This table shows that for the selected credits in the example, the ‘material processing’ 
component is covered by credits ‘1’ and ‘2’, the ‘transportation’ component is covered by 
credit ‘2’, the ‘EOL (end of life) recycling’ component is covered by credit ‘3’, and the other 
components (congestion, rolling resistance, Albedo and lighting) are not covered by any of 
the 3 (three) credits. The weightings for different LCECs obtained from the 3 (three) credits 
included in Table- 4.1 are presented in Table- 4.2.  
Table 4-2 : Weighting assessment of environmental credits of a typical infrastructure rating 
scheme by qualitative assessment based on Seidel (1998) 
LCEC from Table-1 No. of credits 
covered 
Total Weighting 
(Taken from Table-4.1) 
Remark 
 
Material Processing 2   2.25 * Satisfactorily Covered 
Transportation 1     0.59 ** Marginally covered 
EOL Recycling 1 1.42 Partially covered 
Congestion - 0 Not covered 
Rolling resistance - 0 Not covered 
Albedo - 0 Not covered 
Lighting - 0 Not covered 
*  2.25 = 1.66 + (1.18/2),  **  0.59 = 1.18/2 
        
The reasoning behind using a 50:50 split (Reference: credit ‘2’, “use regional materials”, 
Table-4.1, weighting 1.18%) resulting in 0.59 weighting for “transportation”; and 
contribution of 0.59 to the “material processing” giving a value of 2.25 is based on Figure- 
4.1 (Santero and Horvath, 2009). Figure-4.1 shows possible impact ranges of different LCECs 
in terms of global warming potential (GWP) for one lane-kilometer road with a standard 
lane width of 3.6m and an analysis period of 50 years. These values are assessed 
considering the findings of 15 Road LCA (life cycle assessment) studies from 1996 to 2010. 
The distribution of the weighting point 1.18 of the shared credit ‘2’ between the two 
competing LCECs is done by qualitative analysis following Seidel (1998) noticing, collecting 
P a g e  | 49 
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
and thinking model as described in Section- 2.5.2.  The process of weighting distribution is 
explained in the following paragraph.  
 
 
The thick, grey bars represent the probable ranges and the thin, black lines represent the 
extreme ranges.  
 
Figure 4-1: GWP impact ranges for components of road pavement life cycle 
 (Santero and Horvath, 2009) 
In Figure- 4.1, the highest possible impacts of the two LCECs are almost similar, but 
the range of possible impact for the ‘transportation’ LCEC is much bigger than that of 
‘materials’ LCEC. For the transportation LCEC, it can be as low as ‘0’ and can be as 
high as 103 Mg CO2e/lane-km. For the ‘materials (material processing)’ LCEC, the 
range of possible impacts is limited in between 102 Mg CO2e/lane-km and 103 Mg 
CO2e/lane-km. The highest value of transportation shown in Figure- 4.1 was obtained 
for extreme situation like 300km of ground transportation after shipping from remote 
location (Santero and Horvath, 2009). The scheme considered soils and aggregates 
within 80km, and concrete within 160km as regional materials under this credit. As a 
result, for this credit the environmental impact in terms of GWP for the transportation 
LCEC would be significantly lower than the extreme level of 103 Mg CO2e/lane-km. As 
stated in the scheme manual, this credit is included to reduce environmental impact 
caused by transportation of construction materials; which means the transportation 
LCEC should get the larger share of the weighting point 1.18. In addition, there are 
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issues like low quality and less durable materials from regional sources with higher 
environmental consequences. Under these circumstances, the credit weighting is 
equally distributed between the two LCECs. This is a qualitative assumption, which 
may not differ significantly in case of a real road project.  
The credits of each scheme were studied separately and summarized for their findings 
following the methodology discussed above and are presented in the sections below.  
4.4  Scheme Assessments  
The five rating schemes, that include three all infrastructure type and two road specific, are 
described briefly below including scheme assessment outcomes following the procedure 
stated above. The findings are categorised as general observation and specific observation.  
4.4.1 IS Rating Scheme (ISCA), Australia  
The Infrastructure Sustainability Council of Australia- ISCA (erstwhile Australian Green 
Infrastructure Council- AGIC) launched the Infrastructure Sustainability (IS) Rating Scheme 
in March 2012. The scheme measures the sustainability of infrastructure projects across the 
triple bottom line of economic, environmental and social criteria. It evaluates sustainability 
across design, construction and operation of infrastructure. This scheme can be applied to a 
broad range of infrastructure types, including roads, bridges, ports, harbors, airports, 
energy infrastructure, water storage and supply, communication transmission and 
distribution. The LCA based credits in the Design Phase scheme of IS (2012) are listed in 
Table- 4.3. The findings can be summarized as General Observation and Specific 
Observation as shown below: 
General Observation 
 IS allocates 56.67% weighting for the environment dimension of sustainability 
(Figure- 4.2)4. The road LCA relevant credits possess 23.35% weighting (Table- 4.3), 
i.e. 41.20% of all the environment dimension credits.  
 Impacts relating materials i.e. extraction & production and associated equipment 
and transportation are given high importance through credit no. Mat-1. The 
materials component has also got additional coverage by Ene-1, Ene-2 and Was-1 
credits.  
                                                    
4 The assessment of rating schemes for weighting distribution is discussed in Section- 8.2 
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Table 4-3 : List of LCA based credits of IS Design Phase scheme 
IS Design Phase Credits Road Life Cycle 
Components 
Remark  
No. Name % 
Weighting 
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IS comprised of 51 credits 
under 5 themes. These 
credits are studied for 
relevant environment 
indicators and the selected 
ones are included in this 
Table. 
Ene-1 Energy and 
carbon 
monitoring and 
reduction 
4.45 √ √ √ √ √ √ √  Generalized life-cycle 
credits with little 
weighting for high impact 
use and maintenance 
phase components of road 
infrastructure. Ene-2 Energy and carbon reduction 
opportunities 
4.45 √ √ √ √ √ √ √  
Ene-3  Renewable 
energy 
1.11  √     √   
Mat-1 Materials 
lifecycle impact 
measurement 
and reduction  
6.67 √ √        
Was-1 Waste 
management 
4.45 √        Construction and 
operation waste 
Was-3 Deconstruction/
Disassembly/ 
Adaptability 
2.22        √  
Total % Weighting 23.35  
 
 The recycling of materials old structures at the EOL phase is considered through the 
credit no. Was-1 and Was-3.  
 The credit nos. Ene-1 and Ene-2 are generalized life cycle based consideration for 
energy and carbon reduction. Since IS is an all-infrastructure rating scheme, the 
consideration to high impact components, traffic congestion and rolling resistance, 
of road infrastructure is unlikely in developing these credits and allocating their % 
weightings. As a result, these credits do not possess adequate percentage 
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weighting for the combined high impact of the other components of a road project 
in comparison to the weighting of the material component credit Mat-1. 
 Water use monitoring and reduction (Wat-1) credit has some impact on resource 
and emission reduction. This is not included in Table- 4.3 because of low and 
uncertain scoping.  
 
Specific Observation 
 Environment components like materials, transportation and EOL recycling are given 
good coverage in the scheme. 
 Other high impact environment components relevant to road projects e.g. traffic 
congestion, rolling resistance, albedo and lighting are not covered or clearly defined 
in the scheme. 
 
Figure 4-2: Weighting distribution of different rating schemes showing share of road LCA 
environmental, other environmental and non-environmental credits. [The assessment of 
rating schemes for weighting distribution is discussed in Section- 8.2]  
4.4.2  Envision, USA 
Envision is the product of a joint collaboration between the Zonfass Program for 
Sustainable Infrastructure at the Harvard University Graduate School of Design and the 
Institute for Sustainable Infrastructure, USA. Envision provides a holistic framework for 
evaluating and rating the  community,  environmental and  economic benefits of all types 
and sizes  of infrastructure  projects  e.g.   roads,   bridges,   pipelines,   railways,   airports,   
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dams,  levees, landfills, water treatment systems, and other civil infrastructures that make 
up the built environment. The scheme assesses and recognizes infrastructures for four 
phases of development, which are Planning and Design, Construction, Operations and 
Maintenance, and Deconstruction. The LCA based credits in the Design Phase scheme of 
Envision (2012) are listed in Table- 4.4. The findings are summarized as General Observation 
and Specific Observation as shown below. 
 
General Observation 
 Envision allocates 51.83% weighting for environment dimension of sustainability 
(Figure- 4.2). The road LCA relevant credits possess 17.16% weighting (Table- 4.4), 
i.e. 33.11% of all the environment dimension credits.  
 Impacts relating materials i.e. extraction & production and associated equipment 
and transportation are given high importance through credit no. RA1.1, RA1.3, 
RA1.4, RA1.5 and RA1.6. The materials component has also got additional coverage 
by RA2.1 and CR1.1 credits.  
 The recycling of materials of the old structure at the EOL phase is considered 
through the credit no. RA1.7.  
 The credit nos. RA2.1 and RA2.3 are generalized life cycle based consideration for 
energy and carbon reduction respectively. Since Envision is an all-infrastructure 
rating scheme, the consideration to high impact components like traffic congestion 
and rolling resistance relevant to road infrastructure is unlikely in developing these 
credits and allocating their percentage weightings. As a result, these credits do not 
possess adequate percentage weighting necessary for road projects. 
 Monitor water systems (RA3.3) credit has some impact on resource and emission 
reduction. However, this is not included in Table- 4.4 because of low and uncertain 
scoping.  
 
Specific Observation 
 Environment components materials and transportation have satisfactory coverage 
and EOL recycling has partial coverage in the scheme. 
 Other high impact environment components relevant to road projects e.g. traffic 
congestion, rolling resistance, albedo and lighting are not covered or clearly defined 
in the scheme.   
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Table 4-4 : List of LCA based credits of Envision Design Phase scheme. 
Envision Design Phase Credits Road Life Cycle Remark  
No. Name % 
Weighting 
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Envision comprised of 55 
credits under 5 categories. 
These credits are studied for 
relevant environment 
indicators and the selected 
ones are included in this 
Table. 
RA1.1 Reduce net 
embodied 
energy 
2.13 √ √ 
      
Objective is to reduce 
upstream energy 
consumption. 
RA1.3 Use recycled 
materials 
1.66 √         
RA1.4 Use regional 
materials 
1.18 √ √        
RA1.5 Divert waste 
from landfills 
1.30 √ 
       
Objective is to minimize 
waste generation during 
construction 
RA1.6 Reduce 
excavated 
materials 
taken off site 
0.71 √ √ 
      
 
RA1.7 Provide for 
deconstruction 
and recycling 
1.42  
      
√  
RA2.1 Reduce energy 
consumption 
2.13 √ √ √ √ √ √ √  Generalized life-cycle credits 
with little weighting for high 
impact use and maintenance 
phase components of road 
infrastructure. 
RA2.2 Use renewable 
energy 
2.37  √     √  
CR1.1 Reduce 
greenhouse 
gas emissions 
2.96 √ √ √ √ √ √ √  
RA2.3 Commission 
and monitor 
energy 
systems 
1.30  √ √    √  Objective is to improve 
operational efficiency of 
systems and equipment. 
Total % Weighting 17.16  
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4.4.3CEEQUAL, UK 
CEEQUAL having its original title ‘Civil Engineering Environmental Quality Assessment and 
Awards Scheme’ is now promoted as ‘the Assessment and Awards Scheme for improving 
sustainability in civil engineering and public realm projects’ by CEEQUAL Ltd, UK. It was 
launched in 2003 following extensive testing in industry (Willetts et al., 2010). It 
complements the planning system and clients’ financial and economic models by assessing 
a wide range of environmental and social issues, including a project’s effects on neighbours 
and community relations more generally. The CEEQUAL offers Client, Design and 
Construction awards, but not the operation and Deconstruction awards. A recent study on 
CEEQUAL recommends rationalization of material and energy question sets through the 
identification of common areas such as Life Cycle Assessment (LCA) where outputs of a 
complete assessment over the whole life of the materials could address issues such as 
product selection, embodied carbon, maintenance considerations, durability and 
renewable energy (Ghumra et al., 2011). The LCA based issues in the Client and Design 
phase scheme of CEEQUAL (2012) are listed in Table- 4.5. 
The findings of Table- 4.5 can be summarized as general observation and specific 
observation as shown below: 
 
General Observation 
 Each credit of IS and Envision is covered by several issues of CEEQUAL.  
 CEEQUAL allocates 56.17% weighting for environment dimension of sustainability 
(Figure- 4.2). The road LCA relevant issues possess 22.01% weighting (Table- 4.5), 
i.e. 39.18% of all the environment dimension issues.  
 Impacts relating material i.e. extraction & production are given significant 
importance by the inclusion of so many relevant issues. 
 Construction equipment, transportation and EOL phase recycling are given high 
importance by a number of relevant issues. 
 Life cycle assessment for energy use and emissions is considered by some issues, 
but these focus on materials by balancing the impacts of embodied energy from 
their extraction, refinement and manufacture, distance transported and energy 
performance in use after their inclusion in the completed works.  
 A few issues relate to use and maintenance phase impacts of road infrastructure, 
but the allotted weighing is little in comparison to their impact levels. 
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 Two issues, (a) 6.3.1: Measures to conserve water and reduce water consumption, 
and (b) 7.2.3: Exploration opportunities for renewable or low carbon energy 
sources have some impact on resource and emission reduction. However, they are 
not included in Table- 4.5 because of low and uncertain scoping. 
 
Specific Observation 
 Material component is given satisfactory coverage. 
 Transportation, construction equipment and EOL recycling are given 
partial/marginal coverage in the scheme. 
 Other high impact environment components relevant to road projects e.g. traffic 
congestion, rolling resistance albedo and lighting are not covered or clearly defined 
in the scheme. 
 
Table 4-5 : List of LCA based issues of CEEQUAL Design Phase scheme. 
 
CEEQUAL Design ( + Client) Phase Issues Road Life Cycle 
Components 
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CEEQUAL comprised 
of 54 issues, which 
are subdivided into 
226 questions. These 
questions are studied 
and the selected 
ones are included in 
this Table. 
7.1.1 Life cycle assessment 
(LCA) of key materials 
and components for 
energy use 
0.77 √ √ √     
 
LCA focusing 
materials for energy 
consumption 
balancing impact of 
embodied energy  
7.1.2 Incorporation of LCA 
outcome in design & 
works for reduction of 
energy use 
1.53 √ √ √     
 
 
7.1.3 LCA of key materials and 
components for carbon 
emission 
0.77 √ √ √     
 
A sub-element of LCA 
for energy use or a 
complete stand-
alone analysis. 
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7.1.4 Incorporation of LCA 
outcome in design & 
works for reduction of 
carbon emission  
1.53 √ √ √     
 
 
7.2.1 Design consideration for 
reduction of energy  use 
and carbon emission 
during operation 
 
0.69     √ √ √ 
 
 
7.2.2 Incorporation of 
appropriate measures to 
reduce energy 
consumption in use 
1.68   
  
√ √ √ 
 
 
7.2.3 Energy consumption and 
carbon emissions in use 
(Scoping use of renewable 
energy at design stage) 
0.54  √ 
  
  √ 
 
 
7.2.4 Energy consumption and 
carbon emissions in use 
(Renewable energy 
included in the project) 
1.70  √ 
  
  √ 
 
 
7.3.1 Consideration to energy 
consumption during 
construction 
0.31  √ √ √ 
    
 
7.3.3 Incorporation of 
appropriate measures to 
reduce energy 
consumption during 
construction 
0.92  √ √ √ 
    
 
8.1.1 Material use plan to 
minimise environmental 
impact 
0.46 √ 
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8.2.1 Selection of 
prefabricated units for 
environmental benefits. 
0.46 √       
 
 
8.2.2 Use of prefabricated 
units for environmental 
benefits. 
0.46 √         
8.2.3 Assessment to reduce 
excavated materials 
taken off site. 
0.31 √  √       
8.3.1 Consideration to 
responsible sourcing of 
materials. 
0.31 √         
 8.3.2 Specification provided 
for responsible sourcing 
of materials. 
0.61 √         
8.3.3 Sourcing all local 
materials including 
recycling, and 
modification of 
design/specification for 
their use. 
0.92 √ √        
8.5.1 Percentage of existing 
road structure retained 
and used within the 
project. 
0.46 √ √ √       
8.5.2 Percentage of materials, 
other than bulk fill & 
subbase, from recycled 
material. 
0.92 √       √  
8.5.3 Percentage of bulk fill & 
subbase materials from 
reclaimed material. 
0.77 √       √  
8.7.1 Consideration of 
durability and low 
maintenance in design 
and specification 
0.46    √ √     
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8.7.2 Consideration of long-
term maintenance 
planning in the design 
process 
0.31    √ √     
8.8.1 Demolition or 
disassembly included in 
the design brief. 
0.46        √  
8.8.2 Percentage of 
components can be 
easily separated and 
recycled 
0.92        √  
9.1.1 Waste minimization 
included in the design 
brief. 
0.77 √         
9.1.2 Principles of waste 
minimization 
incorporated in the 
design for construction 
process. 
0.77 √         
9.2.1 Implementation of 
regulation for site waste 
management planning  
0.31 √       √  
9.3.4 Percentage of demolition 
waste taken to landfill 
1.07 √ √      √  
9.4.3 
(a) 
Development and 
implementation of a 
waste minimization plan 
0.46 √       √ Part-a belongs to 
client & design phase 
only, while Part-b 
includes construction 
phase also. 9.4.3 
(b) 
Setting targets and 
monitoring of waste 
minimization  
0.46 √       √ 
Total % Weighting 22.01  
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4.4.4 Greenroads, USA 
Greenroads is a publicly available project based rating system developed under a research 
project of the University of Washington, USA. It is a collection of sustainability best 
practices that apply to design and construction of new, reconstruction or rehabilitation 
roadway projects. These best practices are divided into two general types: required and 
voluntary. The studied Greenroads Version V1.5 (Scheduled to be fully transferred to V2 in 
December 2016) includes 11 specific requirements called Project Requirements (PRs). The 
PRs are intended to capture some of the most critical ideas of sustainability for any 
roadway project, such as environmental and economic decision-making, public 
engagement, design for long-term environmental performance, construction planning, and 
planning for lifetime monitoring and maintenance. The PRs carry no point value. However, 
there are 37 Voluntary credits, each of which is assigned a point value (1-5 points) 
depending upon impact on sustainability and making a total 108 points. A project or 
organization can also create and use its own Voluntary credits (called “Custom credits”), 
subject to approval of  Greenroads, for a total of 10 more points, which brings the total 
available points to 118. However, these Custom Credits are excluded from this analysis to 
avoid complications of uncertainty. In order to achieve certification a project must meet all 
the PRs and an additional number of Voluntary credit points. The LCA based credits in the 
Greenroads (2011) scheme are listed in Table- 4.6. 
Greenroads is not an absolute measure of sustainability because it does not include 
sustainability items that are covered by current U.S. regulation (e.g., Clean Water Act, Clean 
Air Act, National Historical Preservation Act, Americans with Disabilities Act, etc.). Dhakal 
and Oh (2011) stated that Greenroads is basically a motivation tool, but lacks in measuring 
and tracking the level of sustainability and its progress.  
The findings of Table- 4.6 are summarized as General Observation and Specific Observation 
as shown below: 
General Observation 
 Material, transportation and construction equipment are given high consideration 
by several credits. 
 Lighting, albedo and EOL are given good consideration, while congestion during 
construction and rolling resistance are not considered properly. 
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Table 4-6 : List of LCA based credits of Greenroads Design and Construction scheme. 
Greenroads Credits Road Life Cycle 
Components 
Remark  
No. Name % 
Weighting 
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CA-4 Fossil fuel 
reduction 
1.69   √      Overall fossil fuel 
consumption of nonroad 
equipment 
CA-5 Equipment 
emission 
reduction 
1.69   √      Air emission of nonroad 
equipment 
CA-6 Paving emission 
reduction 
0.85   √       
MR-1 Life cycle 
assessment 
1.69 √ √ √ √ √ √ √ √  
MR-2 Pavement reuse 4.24 √       √  
MR-3 Earthwork 
balance 
0.85 √ √        
MR-4 Recycled 
materials 
4.24 √       √  
MR-5 Regional 
materials 
4.24 √ √        
MR-6 Energy efficiency 4.24       √  Reduce lifetime energy 
consumption of lighting 
systems for roadways 
PT-1 Long-life 
pavement 
4.24 √         
PT-3 Warm mix 
pavement 
2.54 √        Reduced energy use, 
emission and health hazard 
comparing hot mix 
pavement.  
PT-4 Cool pavement 4.24      √   Reduce energy consumption 
due to heat island effect. 
PT-6 Pavement 
performance 
tracking 
0.85     √    Reduce energy use and 
emission caused by delayed 
maintenance intervention. 
Total % Weighting 35.60  
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 Greenroads allocates 65.25% weighting for environment dimension of sustainability 
(Figure- 4.2). The road LCA relevant credits possess 35.60% weighting, i.e. 54.56% 
of all the environment dimension issues.  
 Specific requirements (a) PR-3: Lifecycle inventory, (b) PR-9: Pavement 
management system, facilitate environmental impact minimization by voluntary 
credits MR-1 and PT-6 respectively.  
 Voluntary credits, (a) CA-3: Site recycling plan, and (b) CA-7: Water use tracking, 
with a total weighting of 2.54 partially impact resource use and emission reduction 
levels. However, they are not included in Table- 4.6 because of low and uncertain 
scoping. 
 Three credits (a) AE-2: Intelligent transportation systems (ITS), (b) AE-4: Traffic 
emissions reduction and (c) AE-7: Transit and HOV access, are included in the 
scheme for traffic congestion management and mass transport improvement to 
reduce emission levels on a network basis. These are not relevant to the life cycle 
environment components of individual road projects and hence not included in 
Table- 4.6. 
 
Specific Observation 
 Material component is given satisfactory coverage. 
 Transportation, construction equipment, lighting, albedo and EOL are given partial 
coverage in the scheme. 
 Other high impact environment components relevant to road projects e.g. traffic 
congestion during construction and rolling resistance are given marginal coverage 
in the scheme. 
4.4.5 Invest, Australia 
VicRoads of Victoria, Australia released the first version of Invest scheme for sustainable 
road design and construction of VicRoads project in March 2012. It is based on experience 
and learning of VicRoads projects. It includes 44 Issues under 11 Categories; those may be 
encountered by a road project. Projects are eligible for assessment after meeting 
prerequisites e.g. permits and planning approvals, compliance with VicRoads environmental 
policies, compliance with legislative requirements, and environmental reporting. However, 
no points are associated with meeting prerequisites. The LCA based issues in the Invest 
(INVEST, 2011) are listed in Table- 4.7. 
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Table 4-7 : List of LCA based issues of Invest Design and Construction scheme. 
Invest Issues Road Life Cycle 
Components 
Remark  
No. Name % 
Weighting 
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5a Reduction in electrical 
energy consumption 
4.57       √  Reduction of non-
renewable energy use 
and emission in street 
lighting and signage. 5b Substitution of electrical energy sources 
3.14       √  
5c Purchase green power 
for non-office use 
2.57       √  
5e Installation of road 
energy system 
2.86      √   Use of pavement 
thermal energy to 
supply hot water. 
7a Use of products and 
materials with greater 
environmental benefits 
2.29 √         
7b Reuse waste material 
from local sources 
2.57 √ √ √       
7c Reuse contaminated fill 
material 
4.29 √ √ √      To avoid landfill or 
resource-intensive 
treatment. 
7d Coordination of off-site 
recycling/reuse of 
excess material 
0.86 √       √ To avoid landfill. 
8b Considering 
constructability and 
construction planning to 
avoid re-work, wastage 
and delays 
3.43 √ √ √ √     To save materials, 
additional 
transportation & 
equipment use, and 
traffic congestion due to 
work. 
8c Incorporating future 
maintenance 
requirements 
1.14 √    √    To contain energy use 
and emission due to 
damaged pavement. 
8d Balancing of earthworks 0.86 √ √        
8e Use of existing 
infrastructure 
1.43 √ √ √      To reduce requirements 
of new construction. 
Total % Weighting 30.01  
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The findings of Table-4.7 can be summarized as General Observation and Specific 
Observation as shown below: 
General Observation  
 Materials is given significant consideration with the aim of reducing the 
requirements of virgin materials and associated transportation and equipment 
need by several credits regarding balancing of earthwork, reuse of waste materials, 
use of recycled materials, use of contaminated materials and use of existing 
infrastructure etc. 
 Energy use, and emission for lighting and signage are given good consideration and 
several issues are included to reduce the impact levels. 
 Use phase environment impacts like rolling resistance due to pavement and albedo 
are given some coverage by a credit each with smaller weighting.  
 Congestion during construction and EOL processing are given some consideration, 
which seems inadequate for their impact levels. 
 Invest allocates 68.86% weighting for environment dimension of sustainability 
(Figure- 4.2). The road LCA relevant issues possess 30.01% weighting, i.e. 43.58% of 
all the environment dimension issues.  
 Two issues on water use, (a) 11a: Use of non-potable water, and (b) 11b: Design 
and use of permanent water infrastructure, have some impact on resource and 
emission reduction. However, they are not included in Table- 4.7 because of low 
and uncertain scoping. 
 
Specific Observation 
 Material is given satisfactory coverage. 
 Transportation, construction equipment and lighting are given partial coverage. 
 Traffic congestion, rolling resistance of pavement, albedo and EOL processing are 
given marginal coverage. 
4.5 Indicator Identification 
The assessment of the credits of infrastructure sustainability rating schemes presented in 
Section- 4.4 is the main source to discover present generation environment indicators. The 
other option could be different pavement management systems (PMS) used by different 
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road agencies. One of the pioneer models is World Bank funded Highway Development and 
Management (HDM) model, which forms the basis of many PMS models used by road 
agencies across the globe. The current version is knowns as  ‘HDM-4 Version 2’ and is 
managed by HDM Global under the auspices of PIARC- the World Road Association (HDM 
Global, 2015). HDM-4 has options for environment assessment that involve energy balance 
analysis and vehicle emissions computation. It enables planners and policy makers to 
understand the energy implications and environmental impacts of alternative road 
transport projects and policies (HDM-4, 2005). Energy balance analysis provides life-cycle 
energy consumption combining energy used for vehicle and fuel production, and to power 
and operate the vehicles including due consideration to road characteristics and condition, 
traffic characteristics, fuel consumption, engine oil consumption, tyre wear and vehicle 
parts consumption. Assessment of vehicle emission involves quantification of exhaust 
emissions (air pollutants) e.g. hydrocarbon, carbon monoxide, nitrogen oxide, sulphur 
dioxide, carbon dioxide, particulates and lead. The stated computations are not included in 
the economic evaluation, i.e. they are not considered directly in the maintenance priority 
analysis. However, there is scope for multi-criteria analysis using analytical hierarchy 
process for project analysis to compare project alternatives. HDM-4 also does not include 
any method for evaluating the impact of the emissions on human health, on the natural 
and built environment, or on global warming.  
It is understood that the PMSs are predominantly economic indicators based tool. Some of 
them have option for environmental emission assessment, but that is not instrumented as a 
measuring indicator in the decision-making algorithm. However, the information bank and 
models of an advance PMS may help assess emission impacts including the global warming 
phenomena.   
4.5.1 Existing Road Indicators 
The detailed study of five popular road relevant sustainability rating schemes show that 
they cover some frontal construction components of road environment LCA, while some 
high impact operation i.e. maintenance and use phases’ components have not been 
covered or little covered. It is seen that all the rating schemes consider materials, 
transportation and construction equipment components adequately. Table- 4.8 presents 
the qualitative findings of the major environmental components based on Road LCA system 
boundary model. The consideration seems highest to the materials component and second 
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most to the transportation component. The very high consideration to the materials 
component may be due to growing concern for the rapid depletion of virgin material 
sources and the high energy requirement and emissions relating to material extraction, 
transportation and processing activities. The high consideration to the transportation 
component may be due to economic impact of efficient transportation and the relevant 
scientific developments. EOL recycling also has good consideration may be due to its 
relevance with materials and transportation components. The use phase components are 
least considered. 
Figure- 4.2 shows that the environment credits get more than 50% weighting in all the 
rating schemes with as high as around 68% by the two road infrastructure rating schemes- 
Greenroads and Invest. This finding confirms Moldan et al. (2012) observation that higher 
emphasize has been given to the environmental dimension of sustainability historically. This 
high but rational emphasize given to the environment dimension of sustainability trickles 
down more credit points to the materials and construction components as a natural 
balance due to absence or poor consideration to other high impact components in the 
assessment schemes. 
Table 4-8 : Qualitative findings of major road life cycle environmental components of 
different schemes. 
Scheme Consideration Levels to High Impact  Road Environmental Components 
No. Type 
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A IS H H VL VL VL M M 
B Envision H H VL VL VL M M 
C CEEQUAL VH H VL VL VL M H 
D Greenroads VH H L L M M H 
E Invest VH H L L M M M 
Legend: VH – Very High, H – High, M – Medium, L – Low, VL – Very Low 
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Environment components like traffic congestion during construction, street lighting and 
signal, and rolling resistance are unlikely to be relevant to infrastructures other than roads. 
As a result, inclusion of credits relating these components seems difficult for all-
infrastructure rating schemes in their present formation. Figure- 4.3 shows that credits 
covering road LCA components have weighting ranging from 17.16% to 23.35% for the 
three all-infrastructure rating schemes, while the range is from 30.01% to 35.60% for the 
two road infrastructure rating schemes. Figure- 4.4 further shows the percent of road LCA 
weightings to the total environment weightings of the rating schemes. The values are from 
33.11% to 41.20% for all-infrastructure schemes and from 43.58% to 54.56% for road 
infrastructure schemes. This difference of the ranges reveals the higher environment 
complications lies with road projects when considered from a whole-of-life point of view. 
The study of two road infrastructure rating schemes (Section 4. 4 and 4.5) reveals partial 
inclusion of some non-conventional credits relating the construction and operation phases 
by them. Greenroads (2011) manual stated about the consideration to some published LCA 
studies in allocating weighting for materials production, construction, transportation 
associated with the construction process and traffic use. However, Greenroads has not yet 
drawn any LCA based conclusion for high impact components like traffic congestion and 
rolling resistance due to absence of relevant research outcomes. Nonetheless, with the 
partial consideration to some road LCA components Greenroads allocates 54.56%, highest 
among all the five schemes, of the total environment credits for the road LCA components.  
The weightings allocated to the environment dimension by the two road infrastructure 
rating schemes- Greenroads and Invest are respectively 65.25% and 68.86% (Figure- 4.3), 
which are very close. On the other hand, the percent of road LCA weightings to the total 
environment weightings of Greenroads and Invest are respectively 54.56% and 43.58% 
(Figure- 4.4). The higher proportion with Greenroads is due to its consideration of the LCA 
weightings for some environment components. However, the above findings indicate that 
the expected wider consideration to the road LCA components in sustainability assessment 
schemes in future would require revision of weighting allocation for the environment 
dimension of various sustainability rating schemes. This would be a complex exercise 
particularly for all-infrastructure rating schemes. The transformation of non-conventional 
high impact road LCA components into rating scheme credits and accommodating them 
with the existing credits need extended study regarding technical feasibility assessment, 
weighting allocation and rating labelling.  
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Figure 4-3: Environmental weightings of different rating schemes. 
 
Figure 4-4: Percent of Road LCA weighting to Environmental weighting of different rating 
schemes.  
The above discussion proves the importance and need of LCA weighting in designing 
sustainability assessment schemes for road infrastructure for delivering sustainable roads. 
Important LCA related indicators identified in the present generation rating schemes are 
listed below (next page).  
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a) Use of regional material. 
b) Use of recycled material. 
c) Reuse of material. 
d) Earthwork balance. 
e) Reduction of waste. 
f) Reduction of net embodied energy. 
g) Reduction of energy use. 
h) Use of renewable energy. 
i) Energy efficiency. 
j) Reduction of emissions. 
 
4.6 Use Phase Road Indicators  
The road indicators presently available or considered for delivering sustainable road 
projects as identified in the previous section can optimize the impacts of environment 
components like materials, transportation and construction equipment. However, it is not 
convincing that the identified indicators can optimize the impact of highly influential but 
less considered use phase environment components e.g. roadway lighting, traffic 
congestion, albedo and rolling resistance of pavement. The indicator- ‘Energy efficiency’ 
and ‘Reduction of emissions’ may provide some broader spectrum to cover use phase 
issues, but their definition and given weightage in the Rating Schemes neither support that 
assumption nor there is any indication for their near future refinement. The gap in the 
knowledge base might lead to the situation. In addition, the broader aspects of use phase 
impacts cannot be addressed by such simplified indicators. On the other hand, all the 
comprehensive road LCA studies to-date  (Santero and Horvath, 2009, Yu and Lu, 2012, 
Santos et al., 2014, Liu et al., 2015, Chen et al., 2016) identified that the use phase 
components have the most impact from whole of life consideration. A very recent study 
(Araujo et al., 2014) found that the energy consumption during the use phase is about 700 
times higher than that obtained during construction, while GHG and nitrogen oxides (NOx) 
emissions released by the vehicles during the use phase are more than 1000 times higher 
than the corresponding gases released in the construction phase. Therefore, indicators that 
can address the use phase components need to be developed for delivering and managing 
sustainable road network. However, the scoping exercise for the boundary of this research 
work identifies that roadway lighting and traffic congestion components, despite their 
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potential for high environmental impacts, are difficult to ascertain and can vary significantly 
from case to case basis as explained below. 
  
a) The requirement of roadway lighting depends on the illumination demand level i.e. 
the reflectance property of the pavement. Again, there are emerging developments 
like use of renewable energy or high efficiency lighting technology that may 
minimise the impact significantly. The need of lighting along the road from a 
futuristic point is also difficult to assess, as provision of lighting other than towns or 
built-up areas is not often defined and generally changes with economic 
developments and policies in place.  
 
b) The level of traffic congestion during construction/ maintenance has scope for 
minimisation by proper detouring, good traffic management, use of intelligent 
transport system, night-time working etc. Again, an effective maintenance 
management system for preserving roadway asset value may reduce the need of 
major traffic congestion activities e.g. rehabilitation or reconstruction. It is very 
difficult to predict the lifetime traffic congestion levels for 
construction/maintenance activities as identifying alternative options with too 
many variables, known as well as unknown, likely to be proved erroneous in the 
future.  
It is, therefore, imperative to focus on the most significant use phase environmental 
components ‘Rolling Resistance’ and ‘Albedo’ to find improved indicators with present level 
of scientific developments from an application viewpoint to facilitate sustainable road 
development and management. 
4.6.1 Rolling Resistance Impacts 
The impact of rolling resistance is significant because it affects every vehicle using the road 
(Ting et al., 2012). Chupin et al. (2012) reported that rolling resistance accounts for about 
12% of the total fuel consumption. It has two different dimensions: roughness and 
structural strength. Increasing roughness causes more vibrations and reduces driving speed, 
and thus increases fuel consumption and pollutant emissions of vehicles (Yu and Lu, 2012). 
A review of some international studies by Tan et al. (2012) shows that roughness causes 
additional fuel consumption of 0.4% to 1.7% for car (Table- 4.9) and 0.45% to 1.1% for truck 
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(Table- 4.10) for increase of per unit of International Roughness Index (IRI)5 on a range of 
surfaces. In the case of asphalt pavement, pavement structures influenced by its stiffness 
and visco-elastic properties contribute to rolling resistance, which affects fuel 
consumptions of vehicles significantly (Ting et al., 2012). At low speeds and under summer 
conditions, heavy trucks driven over asphalt pavements consume about 4% more fuel than 
if were driven over cement concrete pavement (Chupin et al., 2012). 
Table 4-9 : Roughness effect on the fuel consumption of car 
(After Tan et al., 2012; Modified) 
 
Country Study Year IRI Range % increase of fuel 
consumption per unit of IRI 
USA 1982 0.5 – 3.7 0.4 
USA 1984 1.4 – 5.5 0.5 
USA 2010 1 - 5 0.9 
UK 1988 1.7 – 5.4 0.8 
France 1990 1 - 6 1.2 
Sweden 1990 1 - 6 1.7 
South Africa 1990 1.2 – 1.5 0.7 
Belgium 1990 0.8 – 7.7 0.8 
Australia 1997 1.2 – 5.8 0.9 
 
Table 4-10 : Roughness effect on the fuel consumption of truck  
(After Tan et al., 2012; Modified) 
 
Country Study Year IRI Range % increase of fuel 
consumption per unit of IRI 
USA 2002 3.1 – 3.7 0.45 
USA 2010 1 - 5 0.6 
South Africa 1990 1.2 – 1.5 1.1 
New Zealand 1999 1.7 – 5.3 0.8 
Australia 1997 1.2 – 5.8 0.9 
 
The roughness also impacts on vehicle repairs, tyre wear and engine oil (Tan et al., 2012). 
All these components have considerable GHG emissions with their production and 
application process. The fuel releases GHG at first during production of the materials and 
later during burning of fuel in vehicle driving. Vehicle repair requirements cause GHG 
emissions in spare parts production and in the repair process. Tyre and engine oil 
                                                    
5 IRI is the accumulated vertical variations in longitudinal road profile with units m/km, in/mi etc 
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production similarly cause GHG emissions. As such, assessment of GHG emissions for the 
additional needs due to increased roughness would provide a better picture of use phase 
GHG emission.   
 
4.6.2 Albedo Impacts 
Albedo has multiple impacts in terms of GHG emission. Akbari et al. (2009) estimated that 
every 0.01 increase in albedo due to increased radiative forcing can offset 2.55 kg of 
emitted CO2 for every square meter of surface over a period of 25 to 50 years. This is 
significant for the volume of pavement surface in our built environment. The consideration 
of albedo phenomena can have significant impact to the pavement resurfacing policies in 
some regions in terms of material selection and timing for resurfacing. Table – 4.11 shows 
the general range of albedo for different types of pavements. Poor surface albedo leads to 
urban heat island effect. The incoming solar radiation absorbed by the pavement increases 
the ambient temperature, resulting in higher energy demand for cooling devices. The 
higher reflectance of high albedo surface requires less illumination i.e. reduces energy need 
for lighting of urban roads.  
Table 4-11: Albedo of pavement surfaces (ACPA, 2002) 
Pavement Type Albedo 
New Weathered 
Asphalt 0.05 – 0.10 0.10 – 0.15 
Gray Portland cement concrete  0.35 – 0.40 0.20 – 0.30 
White Portland cement concrete 0.70 – 0.80 0.40 – 0.60 
 
4.7 Summary   
Five infrastructure sustainability rating schemes that can assess road projects are studied 
for their coverage of high impact life cycle road environmental components. The findings 
provided a list of existing road environmental indicators. It showed a gap of indicators for 
the most impacting use phase of road life. The use phase includes important environment 
components such as ‘rolling resistance’ and ‘albedo’. The materials phase is also pertinent 
to the use phase because of maintenance needs during the use phase for keeping a road 
serviceable. These findings conceptualised the primary design of a new road sustainability 
indicator for the whole of life road environmental assessment by addressing the road use 
phase.   
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Chapter 5 : Road Use Phase Indicator  
5.1 Introduction 
Road use phase involves management of maintenance and operational issues to keep the 
road safe and passable as per approved road agency standards. It is traditionally a matter of 
optimization of road surface condition from economic and social considerations. However, 
with the emergence of sustainable development concept the inclusion of whole of road life 
environmental impacts is becoming a requirement in the road works optimization process. 
As such, primarily the two most impacting road use phase environmental components, 
rolling resistance and albedo, have been identified for the development of an 
environmental indicator with the option for adding other components as the relevant 
science advances. The development of the indicators need quantification of impacts to the 
global warming phenomena for various attributes relating the identified environmental 
components. This chapter studied the attributes to assess their suitability of quantification 
based on updated science and data availability. To facilitate quantification, mathematical 
equations are developed based on relevant scientific concept for the qualified attributes.  
5.2 Road Use Phase Management 
In general, road agencies standardize certain level of road condition usually in the form of 
road roughness level (IRI) that acts as a trigger for designing maintenance intervention 
optimizing agency cost. The level of trigger roughness has impact on total life-cycle GHG 
emissions. A lower minimum achievable roughness (say IRI < 2.0 m/km) resulting in lower 
overlay intervals (say less than 15 years), which causes lower user emissions and higher 
agency emissions. On the other hand, a higher minimum achievable roughness (say IRI > 2.0 
m/km) resulting in higher overlay intervals (say more than 15 years), which causes higher 
user emissions and lower agency emissions (Lidicker et al., 2012). Optimization of user and 
agency emissions with other variables, such as cost and community concerns, is important 
to champion sustainable road asset management. 
 
Considering road agencies’ asset management policies that, in general, focus on cost-
efficiency, appropriate trade-off between life-cycle costs and emissions is important for 
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delivering sustainable road networks. Evolution of a holistic environmental indicator that 
can provide the possible environmental impact of different treatment options including the 
“do-nothing” option for an assessment period would best serve the agencies to optimize 
their network from sustainability consideration. This indicator can be assessed along with 
other conventional factors such as benefit-cost ratio or net-present value towards the 
selection of sustainable treatment options.  
5.3 Use Phase Environmental Indicator 
The environmental indicator to address the road use phase should consider all the relevant 
high impact environmental components. However, the science relating life cycle 
assessment of road pavement for the operation life is still relatively new and there are gaps 
in knowledge base (Yu and Lu, 2012). Therefore, the proposed environmental indicator may 
exclude some of the less understood components relating road operation life at the 
primary stage. Gradual inclusion of these components would be possible over time based 
on scientific developments and their importance in attaining sustainability. As such, based 
on the arguments in the Section 4.6, primarily the proposed environmental indicator can be 
designed considering environmental concerns relating the two most impacting use phase 
environmental components- rolling resistance and albedo. For a holistic assessment of the 
use phase GHG emission, the materials phase components relating road maintenance 
activities (during the operation life) are also included. This approach would enable selection 
of the best possible treatment option by comparing life cycle carbon footprints of 
alternative treatment options.  
It is proposed that the indicator be termed ‘Road Use Greenhouse Gas Factor’ abbreviated 
as ‘RUG Factor’. Considering present level of scientific knowledge, it can include the 
impacts of (a) road roughness effect on fuel consumption, tyre consumption, vehicle repair 
and maintenance, and engine oil consumption; (b) pavement structure effect on fuel 
consumption; (c) albedo effect for radiative forcing and heat island effect; and (c) 
maintenance work effect on material extraction, production, transportation and laying 
(including embedded energy). Equation- 5.1 gives a general outlook of the proposed RUG 
Factor.  
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RUG Factor = RRF + PSF + AF + MF ……………………………………………………………….(Equation 5-1)  
Where,  
RRF = Road Roughness Sub-factor 
AF = Albedo Sub-factor  
PSF = Pavement Structure Sub-factor  
MF = Material Sub-factor  
Each of the above sub-factors should count all the important environmental impacts based 
on scope for their scientific quantification of GHG emissions, thus delivering carbon 
footprint of a treatment option that includes the impacts of the treatment works (for 
change of roughness and albedo) and the users’ impacts (for change in fuel, tyre, repair and 
engine oil requirements) over the assessment period.  
The proposed RUG Factor can include components having substantial scientific findings to 
provide an analytical outcome. It is envisaged that with the advancement of relevant 
science new components such as (a) traffic congestion/detouring, (b) lighting requirement 
for urban roads can be considered in future. For a do-nothing strategy or lower level 
intervention, the GHG for extra travel time and GHG for users’ discomfort (consequences 
like extra relax time, medication requirement etc.), for the deteriorated pavement 
condition, can also be considered once enough research findings are available. This seems 
complicated; but there are GHG emissions for human living i.e. the foods and services taken 
for living, the GHG for medication or relax time required to overcome the discomfort after 
travel. Since the real-time RUG Factor includes only the assessable components, all the 
components require complete methodology for GHG calculation to deliver the GHG Factor 
of each treatment scenario including the do-nothing option. Therefore, if the follow-up 
literature search does not signify the merits of a particular environmental concern to be 
included for the RUG Factor determination, or does not give enough scientific 
data/parameter for its emission level assessment then it will be dropped from the 
boundary of this research study.  
5.3.1 RUG Factor Measuring Unit 
Sustainable development requires quantification of life cycle environmental impacts of a 
project in a way that can effectively address, among others, the most pervasive 
sustainability issue- the global warming phenomena. This can be assessed by a unit termed 
‘Global Warming Potential (GWP)’, which is a measure of how much a given mass of a 
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greenhouse gas is estimated to contribute to global warming (TAGG, 2013). Road 
environmental LCA studies discussed in Section- 2.5.2 also considered GWP or GHG 
emission as an impact measuring unit. The RUG Factor will be measured by GWP as it is 
aimed for assessing life cycle impact of road works and uses on global warming.  
The GWP is a relative measure of how much heat a GHG traps in the atmosphere. Carbon 
dioxide (CO2), methane (CH4), nitrous oxide (N2O), water vapor and fluorinated gases e.g. 
hydrofluorocarbons (HFC), perfluorocarbons, sulfur hexafluoride etc. are known as GHGs 
that have varying GWP based on their concentration or abundance in the atmosphere, 
strength and lifetime (Dodds et al., 2012). GWP is generally expressed as a factor of CO2 and 
calculated over a specific time interval, commonly 20, 100 or 500 years, i.e. the GWP of CO2 
is considered as unit (1), and the GWP of all other GHGs are converted to equivalent CO2 
based on their lifetime and GWP levels as presented in Table- 5.1. Figure- 5.1 shows the 
level of the GWP (giga ton of CO2-eq/year) by different anthropogenic (originating from 
human activity) GHGs over the period of 1970 to 2010 (IPCC, 2014). Therefore, the GWP is 
considered as the unit of measure of the RUG Factor.  
Table 5-1: Emission metric values of four major greenhouse gases (IPCC, 2014) 
GHG Life time  
(yr.) 
Global Warming Potential (GWP) 
Cumulative forcing  
(CO2-eq) over 20 years 
Cumulative forcing 
 (CO2-eq) over 100 years 
CO2 Not defined 1 1 
CH4 12.4 84 28 
N2O 121 264 265 
HFC 1.5 506 138 
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Figure 5-1: Total annual anthropogenic greenhouse gas (GHG) emissions (giga ton of CO2-
equivalent per year, GtCO2-eq/yr.) for the period 1970 to 2010 by gases: CO2 from fossil fuel 
combustion and industrial processes, CO2 from forestry and other land use (FOLU), CH4, 
N2O, fluorinated gases covered under the Kyoto Protocol (F-gases) (IPCC, 2014). 
5.3.2 Road Roughness Sub-Factor (RRF) 
The road roughness has impacts on vehicle fuel consumption, tyre consumption, engine oil 
consumption and repair and maintenance needs. So, the RRF can be detailed as below: 
RRF = FC + EC + TW + VR ……………………………………………………………………………… (Equation: 5-2) 
Where,  
FC = Fuel consumption impact  
EC = Engine oil consumption impact 
TW = Tyre wear impact 
 VR = Vehicle repair and maintenance impact 
The roughness impact on engine oil consumption is not considered for this study because it 
has a very small share in vehicle resources and it varies minimally with road condition (Tan 
et al., 2012). The other concerns are detailed below based on available knowledge at 
present for developing suitable methodologies for GHG emission assessment.  
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5.3.2.1 Fuel Consumption (FC) Impact 
The prediction of fuel consumption level of future traffic mix is a big challenge. There are 
significant developments in the automobile industry. Electricity, hydrogen and biofuels are 
emerging as new sources of vehicle fuel besides the prominent petroleum based fuels. 
These new energy spectra would significantly change the vehicular carbon emission 
scenario. Nigro and Jiang (2013) identifies that low-carbon biofuels used in hybrid electric 
vehicles would be the lowest-emitting vehicle-fuel combination, while hydrogen fuel cell 
and battery electric vehicles made from very low-carbon sources likely to be lowest-
emitting. Hawkins et al. (2012) found that electric vehicles (EV) powered by the present 
European electricity mix has good GWP potential over the conventional gasoline or diesel 
vehicles (ICEV). Figure- 5.2 shows that normalized impact assessment with an assumed 
vehicle life of 200,000km the GWP benefits of EVs are 27% to 29% relative to petrol 
(gasoline) vehicles and 17% to 20% relative to diesel vehicles. A most recent German study 
by Johrens and Helms (2014) found that at the current level of German electricity grid mix 
the EVs with a battery range of 100km (AEV100) have about the same overall GHG emission 
impact  as a current diesel vehicle (ICEV diesel) of the same class in terms of GWP/km. As 
seen in Figure- 5.3 the increase of battery range to 250km (AEV250) increases the EVs 
emissions by about 30%. The use phase impact in terms of tailpipe emissions of ICEVs seem 
better than the electricity supply emissions for EVs.  
 
 
 
Figure 5-2: Normalized lifecycle impact of different types of vehicles in terms of GWP 
(Hawkins et al., 2012) 
P a g e  | 79 
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
 
The scenario would be further different for countries where fossil fuel is the principal 
source of electricity production. In addition, the introduction of EVs in large number may 
increase electricity demand significantly, and in a short run this may give further higher 
share to the fossil fuel in a grid mix since the renewable energy sources are not promising 
yet and some countries like Germany and Japan are looking for gradual closing down of the 
nuclear power plants. EV components like battery, engine and other powertrain, and end-
of-life (EOL) management are important concerns for their higher GWP impact projections 
than ICEVs (Hawkins et al., 2012). EVs also have significant issues like water consumption 
and toxicity, human toxicity, fresh water eutrophication, metal depletion, acidification 
impacts (Hawkins et al., 2013). It is, therefore, very difficult to predict the prospect of 
vehicle life cycle GWP improvement despite the advent of new varieties of vehicles. Issues 
like price, availability of electricity, charging facilities, technology refinements and safety 
pose great uncertainty to the penetration level of EVs in the vehicle stream in near future. 
On the other hand, despite some prospects of EVs in reducing use phase emission levels the 
reduction levels depend on the charging energy source. As a result, the GWP potential for 
road roughness relevant fuel consumption would remain a major concern.                 
 
 
Figure 5-3: Global warming potential (GWP) of ICEVs vs EVs  (Johrens and Helms, 2014) 
 
In assessing the FC, it requires consideration to traffic mix based on traffic types e.g. car, 
rigid truck, articulated truck; and fuel types e.g. ICEVs, EVs based on their significance in the 
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mix. There can be adjustment factors such as speed level for the type of surfacing 
improvement, traffic congestion for traffic-flow condition, and gradient adjustment. As the 
literature search could not confirm marked energy savings for EVs during the use phase, for 
simplification they will not be analyzed separately.  
As detailed above FC (Fuel consumption) can be calculated as follows with scope for further 
improvement:  
         vn 
FC = ∑ [∆IRI*FCC* DT*PV*L*EF* {1 + (SLA+TFA+GA)/100}] ………………..………… (Equation: 5-3) 
             v1  
Where, 
v1……. vn = Vehicle types e.g. fossil fuel car, electric car, rigid truck and articulated truck 
∆IRI = Average change in IRI [{(Intervention level IRI1 – Base level IRI)/2 + ………….. + 
(Intervention level IRIm – Base level IRI)/2}/m], m = No. of treatment cycles over the analysis 
period.   
FCC = Increase in fuel consumption (Litre/Vehicle Km) for increase of per unit of IRI (from 
the base level IRI i.e. the IRI immediately after construction/reconstruction/major 
rehabilitation).   
DT = Design traffic (average/per lane) for the assessment period 
PV = Percent of specific vehicle type  
L = Length of road section (lane-km) 
EF = GHG emission factor for the fuel type (average of different types of fuels based  
        on local condition assessment) 
SLA = Speed level adjustment (% change of fuel consumption for higher speed level due to 
better road condition after maintenance, if any) 
TFA = Traffic-flow adjustment (% decrease of fuel consumption due to reduced congestion 
for improved traffic-flow condition, if any) 
GA = Gradient adjustment (% decrease of fuel consumption due to improvement of  
       Gradient, if any, for higher level of intervention such as road rehabilitation)  
The above equation can further be modified to include deterioration models for different 
types of pavements, and treatments that give IRI levels at different years of the design 
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period. However, considering the uncertainties associated with future funding and 
treatment policies and traffic projections for year-on-year basis the simplified model 
presented in Equation- 5.3 would be more suitable for investigatory level analysis.  
The impact of SLA, TFA and GA in the equation can be assessed by using models presented 
in HDM (HDM-4, 2005), other sources or studied further for more simplified or updated 
models.  
5.3.2.2 Tyre Wear (TW) Impact 
There are not enough studies on the impact of road roughness on vehicle tyres. These 
studies focused on the cost component, not the emission component. So, the studies on 
tyre cost are assessed to draw a picture of tyre wear levels with road roughness conditions 
for different vehicle types. 
Tan et al. (2012)  summarized the findings of survey/test vehicle based tyre wear cost 
studies from 1975 to 1991 in different countries for different ranges of roughness (IRI) 
values. The wider geographical conditions, different socio-economic levels, and varying IRI 
ranges do not allow any clear conclusion. The change of tyre wear cost (%/IRI) came as 12% 
to 113% for car and 9% to 33% for truck.  
The Australian study (BTCE, 1997) for road roughness effect on tyre cost based on 
hypothetical one-kilometer section of a wide two-lane road carrying a relatively small 
volume of traffic per day (1000 AADT) found an increase of tyre cost by 42.5% for car, 13% 
for rigid truck and 13.6% for articulated truck with the increase of IRI from 1.2% to 5.7%. It 
gives an average increase per IRI of 9.4%, 2.9% and 3% respectively for car, rigid truck and 
articulated truck. These findings show significant improvement from the earlier studies 
summarized by Tan et al. (2012).  
Islam and Buttlar (2012)  used the following equation of tyre wear cost and IRI (inch/mile, 
as it is a USA based study) relationship based on earlier studies to find the multiplying 
factor (MF) for car and pickup trucks:   
MF = -9 x 10-6 x IRI2 + 0.0064 x IRI + 0.5133,      (Where R2 = 0.9989) …………… (Equation: 5-4) 
The findings produced from the above equation are presented in Table- 5.2, and it gives an 
average tyre wear cost increase of 17% for the IRI range of 1 m/km to 6 m/km. It is a 
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significant increase from what found from BTCE (1997) and does not allow any conclusion. 
The percentage change of tyre wear cost likely to be higher for overhead costs in tyre 
repairs or replacements, and may not represent the actual level of tyre wear due to road 
roughness. Any improvement of tyre technology might be lost due to rising labour and 
other costs with the overall socio-economic improvements of the countries.  
Table 5-2: Multiplying Factor for tyre wear cost with changes in road IRI levels.  
IRI (inch/mile) IRI (m/km) MF 
63 1 0.88 
84 1.3 1.00 
190 3 1.40 
380 6 1.65 
 
 
 
 
Figure 5-4:  Effect of roughness on tyre wear estimated using calibrated HDM- 4 model 
(Chatti and Zaabar, 2012). 
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Zaabar and Chatti (2014) presented the findings of Project 1-45 of National Cooperative 
Highway Research Program (NCHRP) of USA that calibrated and validated HDM-4 Vehicle 
Operating Costs (VOC) models relating pavement conditions based on a large scale data 
collection and analysis followed by extensive field trials. The study found that the tyre wear 
increases with increasing speed for the same IRI level and that the roughness effect is 
higher at higher speed levels. Figure- 5.4 and Table- 5.3 present tyre wear in terms of 
consumption as a function of IRI for different vehicle classes at 56, 88 and 112 km/hr. speed 
levels. The data were generated for an average temperature of 17°C with a pavement mean 
profile depth of 1mm and a grade of 0% using HDM-4 model, that was calibrated as stated 
above. 
Table 5-3 :  Effect of roughness on tyre wear rates (After Zabbar and Chatti, 2014) 
Speed  
(km/hr) 
Baseline 
Condition 
(%/km) 
Adjustment factors from baseline conditions Average 
increase per 
IRI  
  IRI (m/km) 
  1 2 3 4 5 6 
Medium CAR             
56 0.0013 1.01 1.01 1.02 1.02 1.03 0.60% 
88 0.0014 1.01 1.02 1.03 1.04 1.05 1.00% 
112 0.0015 1.01 1.03 1.04 1.06 1.08 1.60% 
Light Truck              
56 0.0012 1.01 1.02 1.03 1.04 1.05 1.00% 
88 0.0018 1.01 1.02 1.04 1.05 1.06 1.20% 
112 0.0029 1.01 1.02 1.04 1.05 1.06 1.20% 
Articulated Truck              
56 0.0006 1.01 1.01 1.02 1.02 1.03 0.60% 
88 0.0007 1.01 1.02 1.03 1.04 1.05 1.00% 
112 0.0009 1.01 1.02 1.03 1.04 1.06 1.20% 
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The data presented in Table- 5.3 is calculated for average rate of increase of tyre wear per 
IRI for the range of IRI 1m/km to IRI 6m/km at different speed levels. These figures are 
considered suitable for assessing Tyre Wear Factor (TW) as they are based on a recent wide 
scale study and presents only the tyre consumptions for roughness levels. It also gives a 
simplified way of prediction of TW for different scenarios of road surface conditions over a 
long period subjected to multiple maintenance treatments. Accordingly, TW can be 
calculated as follows with option for further improvement: 
         vn 
TW = ∑ TCC* (LIRI-1)* MF*DT*PV*L*EF  ……………….……………………………….….. (Equation: 5-5) 
             v1  
v1……. vn = Vehicle type e.g. car, rigid truck and articulated truck 
TCC = Tyre consumption (%/Vehicle Km) for the posted speed level at baseline IRI of 1% 
LIRI = Life average IRI, m/km [{(Intervention level IRI1 – Base level IRI)/2 + ………….. + 
(Intervention level IRIn – Base level IRI)/2}/m], m = No. of treatment cycles over the analysis 
period.   
MF = Multiplying factor for IRI change (LIRI-1) from the baseline wear at 1 m/km IRI for the 
posted speed level. 
DT = Design traffic (average/per lane) for the assessment period. 
PV = Percent of specific vehicle type. 
L = Length of road section (lane-km). 
EF = GHG emission factor for the Tyre type (average of different types of tyres for the 
particular vehicle class based on local tyre use/demand assessment). 
 
Speed level adjustment is excluded since most vehicles try to attain the posted speed 
irrespective of roughness level, if not there is a very high level of roughness (> 6%), which is 
unlikely for a medium to high traffic roads under a modern road agency.  
The speed reduction for occasional traffic congestions, both during normal operation and 
maintenance activities, is not considered for the uncertainties and has very low impact on 
tyre wear levels.  
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 Because of low likelihood of gradient change through road pavement work and relatively 
low impact of associated road roughness on tyre wear (around 1%) the impact of gradient 
change on tyre wear is ignored. 
5.3.2.3  Vehicle Repair & Maintenance (VR) Impact 
The impact of road roughness on vehicle repair and maintenance (R&M) issue has been 
studied since early 1970s, but those are mainly on road user cost estimation. The very few 
studies that focuses on GHG emission aspect do not give a clear picture to draw any 
conclusion. Therefore, the R&M studies on road user cost stream are also included to 
assess the prospect of VR factor. The findings of cost studies can depict general trends of 
R&M needs with road roughness conditions as the costs reflect the R&M needs.  
Zaabar and Chatti (2014) presented the R&M cost findings of Project 1-45 of National 
Cooperative Highway Research Program (NCHRP) of USA. It shows that there is no effect of 
roughness up to IRI of 3 m/km. Beyond this range, an increase in IRI up to 4 m/km will 
increase R&M cost by 10% for passenger cars and heavy trucks. At IRI of 5 m/km, this 
increase is up to 40% for passenger cars and 50% for heavy trucks. According to original 
World Bank HDM-4 model, that is based on studies in developing countries, the effect of 
pavement roughness on vehicle R&M cost at low IRI of 3m/km is also negligible (Islam and 
Buttlar, 2012). 
Tan et al. (2012) studied the R&M study outcomes of both Australian and overseas Vehicle 
Operating Costs (VOC) studies from 1975 to 1999. Findings of the 1990 onward studies are 
presented in Table- 5.4, where source studies are mentioned as stated in Table-3 of Tan et 
al. (2012) for their identification and hence not included in the Reference list of this thesis. 
It is seen that the two South African studies found high average R&M cost increases, 46% 
and 45% respectively for car and truck per unit of IRI increase, while the Australian studies 
got much lower values. It can be explained by the findings of Zaabar and Chatti (2014) study 
stated above. Since R&M cost do not increases for roughness up to IRI 3 m/km and then 
increases exponentially, the average R&M cost findings of South African and Australian 
studies might be influenced accordingly. For example, the figures of truck are 11.2% for IRI 
range of 1.2 to 5.8, 26% for IRI range of 1 to 10 and 45% for IRI range of 3.1 to 11.5. There 
are other factors that might have influenced the findings of South African and Australian 
studies, such as (a) time factor- the vehicles of 1997/1999 era (Australian study) vs 
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1990/1991 era (South African study), (b) economic factor- quality and age of vehicle fleet, 
and (c) management factor- road and fleet management practices and regulations.  
Further study by Zaabar and Chatti (2014) revealed that with the increase of vehicle speed 
for the range 56km/hr. to 112km/hr., the rise of R&M cost with IRI for different vehicle 
classes remain the same, but the baseline R&M cost at IRI 1 km/m escalates with speed 
levels (Table- 5.5). The increments are 27% and 37% respectively for cars and heavy trucks 
for changing of speed level from 56km/hr. to 88km/hr., and further 37% and 22% 
respectively for changing of speed level from 88km/hr. to 112km/hr. This scope allows 
actions through speed regulation to minimize the R&M cost with deteriorating road 
conditions (increasing IRI) as a potential option. For example, at the IRI level of 5m/km the 
R&M cost of a car at 88km/hr. speed level is 0.0266 $/km (0.019 x 1.4), which can be 
reduced to 0.021 $/km (0.015 x 1.4) by reducing the speed level to 56km/hr. This value of 
0.021 $/km does not differ significantly to the baseline value of 0.019 $/km at the speed 
level of 88 km/hr. This would also improve driving safety on a rougher road. 
Table 5-4 : Road roughness impact on vehicle R&M cost (After Tan et al, 2012). 
 IRI Range R&M 
cost 
change 
(%/IRI) 
Country Source 
(As stated in Tan 
et al, 2012) 
Method 
Car 2.7 – 5.8  46 South 
Africa 
du Plessis & 
Meadows 
(1990) 
Test vehicles operated 
on paved and gravel 
roads 
1.2 – 5.8 5.8 Australia BTCE (1997) Hypothetical 1km with 
range of roughness 
1 – 10 10 Australia Thoresen & 
Roper (1999) 
HDM-4 model calibrated 
to Australian conditions 
Truck 3.1 – 
11.5 
45 South 
Africa 
Findlayson & du 
Plessis (1991) 
Survey. Vehicles 
operating on range of 
road types and 
conditions 
1.2 – 5.8 11.2 Australia BTCE (1997) Hypothetical 1km with 
range of roughness 
1 – 10 26 Australia Thoresen & 
Roper (1999) 
HDM-4 model calibrated 
to Australian conditions 
 
The above study identifies that IRI over 3m/km is a concern for vehicle R&M cost increase 
since the rate of increase is exponential with each level of higher IRI. It also shows that the 
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impact of higher IRI on the R&M cost can be minimized through speed regulations. Now, we 
need to see how the stated findings impact GHG emission levels due to road roughness on 
a network basis. It requires assessment of overall roughness condition of a road network 
and the extent of GHG impact due to R&M activities of vehicles.  
Table 5-5: Effect of road roughness on vehicle R&M costs at different speed levels (After 
Zaabar and Chatti, 2014).  
Speed  
(km/hr.) 
Baseline 
Condition 
($/km) 
Adjustment factors from baseline 
conditions 
Increase of 
baseline cost with 
speed levels (%)  
  IRI (m/km) 
  1 2 3 4 5 6 
Medium CAR             
56 0.015 1.0 1.0 1.1 1.4 1.7  
88 0.019 1.0 1.0 1.1 1.4 1.7 27 
112 0.023 1.0 1.0 1.1 1.4 1.7 21 
Articulated Truck              
56 0.046 1.0 1.0 1.1 1.5 1.8  
88 0.063 1.0 1.0 1.1 1.5 1.8 37 
112 0.077 1.0 1.0 1.1 1.5 1.8 22 
 
Transport and Main Roads, Queensland, Australia manages a road network of 33,353 km. 
The average roughness of the network differs according to the road classes standardized 
based on strategic function and traffic volume - National Land Transport Network (NLTP), 
Other State Controlled Roads (OSCR), and Local Roads of Regional Significance (LRRS). The 
ride quality of the network is measured on an acceptable level of roughness for various 
traffic volume bands shown in Table- 5.6. Based on this analysis, roads conditions are 
classified as very good, good, fair, poor or very poor. Based on road roughness data, the 
percentage of roads of different ride qualities are presented in Table- 5.7.  From the 
findings of Table- 5.6 and Table- 5.7 it can reasonably be assumed that a greater portion of 
the road network, particularly high class/traffic, has low levels of roughness (IRI ≡ 3m/km). 
From vehicle-lane km viewpoint, because of multilane configuration of major roads, it can 
be said that around 90% travel occurs on better condition (low roughness) roads  (DTMR, 
2014a).  
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NCHRP Report (Chatti and Zaabar, 2012) shows that more than 86% roads (Figure - 5.5) in 
USA have low roughness (IRI ≤ 3m/km). Again considering vehicle-lane km assumptions, this 
value should improve further, i.e. a very few percentage (≤10%) of traffic likely to use 
rougher roads. The findings of Queensland, Australia and USA represent the general picture 
of developed countries, where a major part of the global vehicular trips happens.  
Table 5-6: Ride Quality Bands (DTMR, 2014a) 
Condition Traffic (AADT) Ranges 
IRI (m/km) 
< 500 500 – 1000 1000 – 10000 10000 – 20000 
Very Good < 3  < 2.25  < 2.25 < 2.25 
Good 3 – 3.5  2.25 – 3.5  2.25 – 3  2.25 – 2.75  
Fair 3.5 – 5  3.5 – 4.25  3 – 3.5  2.75 – 3  
Poor 5 – 6.75 4.25 – 5  3.5 – 4.25  3 – 3.5  
Very Poor > 6.75 > 5 > 4.25 > 3.5 
The IRI (m/km) values are converted from NRM (counts/km) using equation:  
IRI = (NRM = 1.27) / 26.49 
 
Table 5-7: Ride Quality of the DTMR network (DTMR, 2014a) 
 
Road Class Very Poor 
(%) 
Poor  
(%) 
Fair  
(%) 
Good  
(%) 
Very Good 
(%) 
NLTP 2 3 9 31 55 
OSCR 2 5 17 30 46 
LRRS 5 10 24 28 33 
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Figure 5-5: Road surface roughness distribution in the United States 
 (Chatti and Zaabar, 2012). 
 
There are only a few studies done to date that focused on the R&M emission issues of 
vehicles and they are mostly inconclusive. Leduc et al. (2010) studied LCA of petrol cars and 
diesel cars excluding energy consumption for manufacturing car components and spare 
parts from analysis due to lack of data. Spare parts covered in the study included the 
production of tyres, batteries, lubricants and refrigerants, but excluded textiles, additives, 
transmission fluid, engine coolant, brake fluid, water and wind screen cleaning agent due to 
lack of data. The data for material composition of the spare parts was derived from a wide 
scale European Commission (GHK and BIOIS, 2006) study. GWP impact for spare parts was 
0.4 ton CO2-eq and 0.5 ton CO2-eq for petrol and diesel cars respectively. These values are 
only 0.71% and 0.83% of the total life cycle GWP of 56.2 ton CO2-eq and 60.1 ton CO2-eq 
respectively that cover car production, spare parts production, fuel transformation process 
upstream to fuel consumption (WTT), fuel consumption for car driving (TTW), and car 
disposal and waste treatment (EOL). The combined value of petrol and diesel cars came as 
0.77% for the spare parts of all the cars of EU-25 countries  (Nemry et al., 2008).  This 
estimate is based on a total life of 211,250km and 238,750km for petrol and diesel cars. 
Under the current study tyre wear factor (TW) is considered separately. However, the R&M 
findings here can be considered representable despite inclusion of tyre as a spare part 
above because of exclusion of some other items.   
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Hawkins et al. (2012) reviewed 51 LCA studies of hybrid electric (HEV) and electric (EV) 
vehicles to compare with internal combustion engine vehicle- petrol/diesel (ICEV) options. 
They found that the vehicle R&M phase is covered by only 10 studies. The maintenance and 
parts replacement was identified as rather rough considering the potential importance of 
battery replacement or increased maintenance associated with the complex control 
systems and regenerative braking systems found in HEVs and EVs. They found that 
maintenance appears to have a smaller contribution to vehicle life cycle GWP. Considering 
a standard lifetime of 200,000km the study found that conventional ICEVs tend to have the 
lowest production-related GWP followed by different EV types (Figure- 5.6). Nemry et al. 
(2008) also found that the GWP of spare parts production over the lifetime of grid-
independent HEVs (GI-HEV) is 150-160% that of an ICEV. This is a significant finding for the 
expected EV dominated future traffic scenarios.   
Hawkins et al. (2013) studied life cycle inventory of different types of cars and compared 
their life cycle GWP potentials. The maintenance and parts replacement, details not 
provided, was estimated based on available reports and assumptions from web based 
information. Impacts were broken down in terms of life cycle stages and normalized to the 
greatest impact. The normalized GWP impacts of different types of cars indicate a low R&M 
effect (use phase, non-fuel related) for all the six types (Figure- 5.2). Ma et al. (2012) also 
stated that this phase is very dependent on the actual practice in real life and very little 
data exist in the open literature. They summarized that almost all studies to date conclude 
or assume that this phase makes a relatively small contribution to the whole of life cycle 
(fuel and vehicle).  
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Figure 5-6: Comparison of GWP of different car types (Hawkins et al. (2012). 
 
The generalized findings of the multifaceted literature search and their critical analyses 
provide the following inferences: 
a) Vehicle R&M needs do not vary noticeably up to IRI level 3m/km, but then 
increases exponentially with the increase of each unit of IRI.  
b) Most part of the road networks of the developed world has a roughness of IRI ≤ 3 
m/km and that ends up with less than 10% travel in terms of vehicle-lane km on 
roads having IRI of > 3 m/km.  
c) The changing scenario of vehicle mix in terms of fuel sources does not predict 
significant changes in vehicle R&M emission levels in near future. 
In general, the R&M phase can possess significant emission issues that relates to the vehicle 
technology and running mileage. The R&M emissions increase significantly, when the road 
possess higher roughness; that further aggravates at higher speed levels.  However, the 
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road maintenance and operation management regimes in place particularly in the 
developed world help to contain the emission levels by keeping the roughness levels of a 
major portion of the roads (around 90%) to the tolerable limit of IRI 3m/km. Speed levels 
are also regulated on a rough road to ensure safer travel. On the other hand, the vehicle 
R&M needs are very uncertain and differ widely with practices and quality of services. 
Affordability of R&M data possess significant challenges too. Therefore, the VR factor is 
excluded from RUG Factor assessment under this study. Nonetheless, future research can 
include it to improve the RUG Factor further.  
5.3.3 Pavement Structure Sub-Factor (PSF) 
Rolling resistance due to structural stiffness of a pavement happens when a pavement with 
lower stiffness deflects under the load of the rolling wheel and thus requires the vehicle to 
overcome the continuous uphill with additional energy consumption (Worrell et al., 2015). 
It is generally understood that concrete pavements because of their rigidity are unlikely to 
create structure-induced rolling resistance (SRR).  As a result, the studies to date on 
pavement structure’s impact to rolling resistance are mostly aimed at focusing the 
advantage of concrete pavement (PCC) over bituminous pavement (AC) in vehicle energy 
consumption. It means the assessments find excess energy required to haul traffic on AC 
than PCC, which indirectly indicates to the structural robustness of the pavement. 
Therefore, the general simplification of higher robustness of the concrete pavements than 
the bituminous pavements may not be appropriate. Santero and Horvath (2009) presents 
the estimated deformation of six different pavement structures under a 20 kN tyre load as 
detailed in Table- 5.8. The deformations are modelled using the software tool LEAP2.0 
(Layer Elastic Analysis Program, release 2.0), that uses layer elastic theory to calculate 
stresses, strains and deformations of a pavement structure. 
Table- 5.8 shows that the deformations of thicker asphalt pavements (No. 3, 4, and 5) are 
comparative to that of a concrete (PCC) pavement (No. 6). It indicates that their rolling 
resistances for pavement structural condition would be similar. On the other hand, thinner 
asphalt pavements (No. 1 and 2) have high deformations and that is higher for the softer 
subgrades. The study of falling weight deflectometer (FWD) test data by Lenngren (2014) 
also supports this finding of large SRR of thinner bituminous pavements over soft soils and 
poorly compacted unbound materials. High traffic roads usually have stronger pavements 
of PCC or thick asphalt, and therefore would have similar structural effects for rolling 
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resistance. On the other hand, low traffic roads usually have thin asphalt or seal surfaced 
pavements with consequent high deformations and rolling resistances.  
Table 5-8:   Symplectic Corporation 2004 LEAP2.0 (software tool): Layer Elastic Analysis 
Program Release 2.0 (Santero and Horvath, 2009). 
No. Structure Layer Thickness 
(mm) 
Young’s 
Modulus (MPa) 
Deformation 
(mm) 
1 Thin Asphalt, 
Soft Subgrade 
Asphalt 
Granular base 
Subgrade 
40 
200 
infinite 
1,750 
300 
60 
0.706 
2 Thin Asphalt, 
Stiff Subgrade 
Asphalt 
Granular base 
Subgrade 
40 
200 
infinite 
1,750 
300 
120 
0.505 
3 Thick Asphalt, 
Stiff Subgrade 
Asphalt 
Granular base 
Subgrade 
150 
200 
infinite 
7,000 
300 
120 
0.173 
4 Thin Asphalt, 
CTB base 
Stiff Subgrade 
Asphalt 
CTB base 
Subgrade 
150 
200 
infinite 
7,000 
5,000 
120 
0.130 
5 Very thick 
Asphalt, 
Stiff Subgrade 
Asphalt 
Granular base 
Subgrade 
300 
100 
infinite 
7,000 
300 
120 
0.107 
6 PCC,  
Asphalt base, 
 
Stiff Subgrade 
PCC 
Asphalt base 
Granular 
subbase 
Subgrade 
250 
150 
150 
infinite 
20,000 
7,000 
300 
120 
0.105 
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Table- 5.8 shows that a thick AC pavement (no. 5) can possess comparable robustness with 
a PCC pavement (no. 6) for exerting SRR to rolling vehicles; but it does not clarify the impact 
of temperature rises, which is a concern for AC pavements.  Chupin et al. (2012) studied 
structure-induced rolling resistance (SRR) for a typical thick asphalt pavement (340mm 
asphalt concrete) as a function of temperature. A theoretical approach of measuring SRR 
using mechanical response of a layered viscoelastic medium excited by moving wheel loads 
showed that SRR increases strongly with the increase of pavement temperature due to the 
decrease of stiffness of asphalt materials and consequent higher deflections. As depicted in 
Figure- 5.7 the SRR force ( ) is less than 200 N and power dissipation ( ) is less than 4kW 
for a 40-ton truck driving at 20m/s (72km/hr) even at a high temperature of 40˚C. When 
comparing these findings with the estimated total rolling resistance of 100 kW (Figure- 5.8), 
the contribution of SRR is less than 0.5% of the entire energy available in the fuel. The study 
concluded that a condition of thin base course, slow driving speed and high temperature 
could theoretically lead to additional consumption of 1 to 2% of the total energy available. 
However, it does not identify the impact levels of driving speed on SRR. 
Zaabar and Chatti (2011) studied rolling resistance of different concrete (PCC) and asphalt 
(AC) pavements having similar grade, roughness and texture at three different traffic 
speeds for loaded light and heavy trucks at summer conditions as detailed in Table- 5.9. It is 
seen that at higher speed levels (72 and 88 km/h), PCC and AC pavements have similar 
structural rolling resistance to both light and heavy trucks with some favour towards the AC 
as the speed goes up (88 km/h). However, at lower speed level (56 km/h) the AC 
pavements require about 4% more fuel than the PCC pavements with a statistically 
significant 95% confidence level (Zaabar and Chatti, 2011). This study was conducted at 
summer conditions and since AC pavements become less susceptible to deflection in winter 
conditions, the findings of this study are significant for PSF assessment. For cars, a similar 
study did not find any statistically significant difference between PCC and AC pavements. 
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Figure 5-7: Structure-induced power dissipation ( ) and SRR force ( ) computed for a 
thick asphalt pavement as a function of temperature (V = 20 m/s) (Chupin et al., 2012). 
 
 
 
Truck Engine power  = 335 kW  
(or 450hp) 
Theoretical power of the fuel consumption at maximum truck power 
output (Efficiency of the engine = 40%)  
= 837 kW 
(= 335/40 %) 
Power dissipation due to RR = 100 kW 
(= 837*0.12) 
 
Figure 5-8: Power dissipation due to RR of a 40 ton (450 hp) truck rolling at maximum 
power output level (Chupin et al., 2012). 
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Table 5-9: Mean fuel consumption of comparable AC and PCC pavements at different speed 
levels (Zaabar and Chatti, 2011).   
Speed 
(km/hr.) 
PCC Pavement AC Pavement ACC/PCC 
Fuel 
Consumption 
(%) 
Mean Fuel 
Consumption 
(mL/km) 
Standard 
Deviation 
Mean Fuel 
Consumption 
(mL/km) 
Standard 
Deviation 
Light Trucks 
56 151.130 1.080 156.739 1.061 103.78 
72 187.778 1.071 188.398 1.052 100.33 
88 225.188 1.294 219.973 1.225 97.68 
Heavy (Articulated) Trucks 
56 201.391 1.077 209.422 1.008 103.99 
72 222.938 1.053 225.213 1.034 101.02 
88 248.401 1.190 247.588 1.183 99.67 
 
The energy saving of stiffer pavements is explained by Lu et al. (2010) that the induced 
lower deflection creates a reduced internal resistance from pavement materials as it 
imposes lower magnitude pressure waves in the pavement and in the subgrade. The waves 
represent the mechanism by which energy is carried away from the wheel-surface contact 
and into the surrounding ground. However, they found that the upper layer stiffness has 
more influencing factor for SRR than the composite stiffness of the pavement as a whole 
(Figure- 5.9). It is seen that a non-linear relationship exists between SRR and stiffness for 
the range (1,000MPa to 11,000Mpa) of the stiffness covered with a quantifiable SRR 
particularly for stiffness below 3,000MPa. The effect of wheel speed on energy 
consumption is seen secondary. With these findings, they estimated that the impact of SRR 
for a medium truck on a pavement of 1,000MPa stiffness surfacing would be only around 
0.12% of the total energy in the fuel.   
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Figure 5-9: Pavement resistance vs. upper layer stiffness (Lu et al. 2010). 
Akbarian et al. (2012) found that pavement top-layer thickness has higher importance 
compared with the other parameters e.g. top-layer elastic modulus, subgrade modulus, 
vehicle loading for reducing the impact of deflection within pavement vehicle interaction 
(PVI). They predicted deflection values for 9 asphalt pavements and 3 concrete pavements 
by a mechanistic model analysis using falling weight deflectometer (FWD) time history data 
for an assumed 20cm top layer and 1m unit width pavement. They proposed the following 
relationship between pavement top-layer thickness and stiffness. 
௛ଵ
௛ଶ
= ටாଶ
ாଵ
య
  …………………………………………………………………………………………..….…… (Equation: 5-6) 
It requires the top-layer thickness (h1) of Pavement-1 having modulus of E1 = 7,000 MPa to 
be 1.4 times thicker than the top-layer thickness (h2) of Pavement-2 having modulus of E2 = 
20,000 MPa for the same level of fuel consumption (Akbarian et al., 2012).  
௛ଵ
௛ଶ
= ටଶ଴,଴଴଴଻,଴଴଴
య = 1.4 ……………………………………………………………………………….……. (Equation: 5-7) 
The findings of Santero and Horvath (2009) shown in Table- 5.8 support the above 
outcome, where the defomation of a thick asphalt pavement (no. 5; modulus = 7,000 MPa) 
is comparable to a PCC pavement (no. 6; modulus = 20,000 MPa).  
The above review of published literature is analysed in a matrix presented in Table- 5.10 for 
assessing SRR impact on fuel consumption with road types and other variables. The findings 
indicate that the impact of SRR is not significant for industry level application for GHG 
calculation with present level of scientific development. The impact is significant only for 
the  
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Table 5-10: SRR impact of road parameters on major and minor roads. 
Issues Impact Consequence  Decision 
(LI – Low Impact, HI – High Impact) 
Major Roads Minor Roads 
Pavement 
top layer 
thickness 
Higher 
thickness 
reduces 
pavement 
deformation 
Less fuel 
consumption 
LI 
 
Reason: Rich 
pavement design 
with thicker top 
layer. 
HI 
 
Reason: Poor 
pavement design with 
thinner top layer. 
Pavement 
top layer 
stiffness 
Higher stiffness 
reduces 
pavement 
deformation 
Less fuel 
consumption 
LI 
 
Reason: Rich 
pavement design 
with stiffer surfacing, 
AC or PCC. 
HI 
 
Reason: Poor 
pavement design with 
seal surface or weaker 
asphalt surfacing. 
Subgrade 
stiffness 
Higher stiffness 
reduces 
pavement 
deformation 
Less fuel 
consumption 
LI 
 
Reason: Treatment of 
soft subgrade and/or 
thicker/stabilised 
base and subbase 
provisions.   
HI 
 
Reason: Inadequate 
treatment of soft 
subgrade and/or poor 
base and subbase 
provisions.  
Temperature Softening of 
Asphalt layer in 
summer.  
Increase of 
fuel 
consumption 
LI 
 
Reason:  
PCC- No impact. 
AC- High speed 
environment and rich 
design reduces 
impact levels. 
LI 
 
Reason:  
The pavement itself is 
weak for creating high 
level of SRR. 
Therefore, the impact 
of seal surface or thin 
AC surface would not 
be significant for 
temperature rise.  
PCC- Usually not 
provided. 
Vehicle speed Lower speed 
levels create 
high magnitude 
pressure waves 
in softer AC 
pavements 
Increase of 
fuel 
consumption 
LI 
 
Reason:  
PCC- No impact. 
AC- Usually allows 
high-speed levels 
(>70km) and less 
impact.  
HI 
 
Reason:  
Usually low speed 
levels (≤ 60) causes 
high impact to the 
poor pavements.  
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combination of heavy vehicle (HV) and poor pavement. Usually minor roads have such 
pavements, but they serve low number of traffic and usually with a low percentage of HV.  
The viscoelastic behaviour of AC pavement is a concern for high fuel consumption during 
summer temperature rise. However, minor roads usually have sprayed seal or thin AC 
surfacing with poor pavement configurations with consequent high SRR effect. The impact 
of temperature rise for a short period (summer) of the year do not change the scenario 
since a minor road is unlikely to be provided with a PCC or thick AC pavement. As a result, 
from asset management point of view the estimation of GHG values for SRR of minor roads 
would have little impact to attain sustainability.  
For major roads, the pavements are usually of PCC or rich AC surfacing on strong 
foundations. The speed flow environment is also high. Therefore, from asset management 
viewpoint the estimation of GHG values for SRR of major roads would have little impact to 
attain sustainability. 
The scenario detailed in Table- 5.10 does not provide enough strength to develop an 
equation to measure PSF for the RUG Factor aimed for industry level application. However, 
with the advancement of the relevant science PSF can be considered for RUG Factor 
assessment in future. 
 
5.3.4 Albedo Sub-Factor (AF) 
Albedo sub-factor comprises of impacts due to radiative forcing and heat island effect.  
AF = RF + HIE ……………………………………………………………………………………………….. (Equation: 5-8) 
Where, RF = Radiative Forcing  
               HIE = Heat Island Effect 
Albedo usually changes with pavement age and type. For asphalt pavement, it usually 
increases with time, while for concrete pavement it decreases with time. Literature search 
could not found any model that gives changes of pavement albedo with age. This research 
assumes the following as a way forward. 
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The road agencies usually standardise certain types of pavement surfacing for their 
respective jurisdiction considering local conditions. Sometimes it varies from region to 
region under the same agency. It is imperative that for different types of surfacing, a 
road agency can standardise the albedo values for the new pavement and the 
weathered pavement based on typical service life. It may be established through a 
standard regime of albedo measurements of different surface types before and after 
placing the particular surfacing type. The difference will give the albedo impacts as 
stated below.  
Radiative forcing can be calculated following Santero and Horvath (2009), and Yu and Lu 
(2012)   methodology:  
RF = ∆ɑ x A x KRF x 100 ……………………………………………………………….…………… (Equation: 5-9) 
RF = GWP for radiative forcing; can be negative (CO2e offset) or positive based on increase 
or decrease of albedo respectively over the service life of the pavement.  
∆ɑ = Average change in albedo [(Albedo of new surfacing – Albedo of pavement before 
resurfacing)/2]  
A = Surface area of pavement (m2) 
KRF = CO2e offset constant; 2.55 kg/m2 as a one-time offset over the life of pavement, 
usually considered 25 to 50 years (Akbari et al., 2009) 
Heat Island Effect is the increased ambient temperature due to absorption of incoming 
radiation by the pavement. In urban areas, this phenomenon increases energy demand for 
the cooling devices in buildings. However, some sections of an urban road may not have 
cooling requirement from business point of view, or the environment of the area may not 
require significant cooling demand, or despite environmental need, the poor socio-
economic condition of a country may not allow significant investment for cooling devices. 
As a result, the albedo impact assessment for Heat Island Effect may be case specific and 
may be avoided in many cases. The concern is particularly for larger cities, where a 
temperature rise of 1°C may increase urban electricity demand by 2% to 4% when 
temperatures rise above the 15-20°C threshold level (Akbari and Konopacki, 2005). 
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The heat island impact can be assessed as below following Santero and Horvath (2009) 
methodology.  
HIE = ∆ɑ x A x t x KHIE x 100 …………………………………………………………………..… (Equation: 5-10) 
HIE = GWP for cooling demand can be negative or positive based on increase or decrease of 
albedo respectively over the service life of the pavement.  
∆ɑ = Average change in albedo [(Albedo of new surfacing – Albedo of pavement before 
resurfacing)/2]  
A = Surface area of pavement (m2) 
T = Time (year) 
KHIE = CO2e offset constant; 4.85 g/m2 per year for 0.1 increase of albedo (Santero and 
Horvath, 2009) 
Santero and Horvath (2009) used ∆ɑ as the change in albedo to replace the existing type of 
pavement with a new type having better albedo that remains constant over the service life 
of 50 Years. However, this study considers the practical aspects of changing albedo over 
time i.e. improvement of asphalt pavement and degradation of concrete pavement. This 
phenomenon occurs multiple times over the service life of 50 years because of periodic 
improvements in the form of resurfacing. The change occurs gradually. For absence of any 
reliable model that gives changes of pavement albedo with age, it is considered linear for 
simplicity and ∆ɑ is proposed as average albedo of new surfacing and old surfacing. 
5.3.5 Material Sub-Factor (MF) 
The material factor (MF) involves impacts of maintenance works during the analysis period. 
It can be several preventive (major) maintenance works in the form of overlay or sprayed 
seal or other surfacing, regular routine maintenance and rehabilitation activities. These 
include assessment for construction material, transportation and equipment as detailed 
below: 
MF = MP + MT + ML..………………..……………………………………………………..………. (Equation: 5-11) 
 
Where, MP = Material Production  
              MT = Material Transport  
              ML = Material Laying  
The materials sub-components can be calculated using the following developed equations. 
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MP can be calculated as follows: 
         Mn 
MP = ∑ [V*EF] …………………………………………………………………….…..……………….… (Equation: 5-12) 
             M1  
Where, 
M1……. Mn = Construction material type e.g. unbound, dense graded asphalt, sprayed seal, 
micro-surfacing etc. 
V = Volume of each construction material 
EF = GHG emission factor for the material type (includes both extraction and production) 
 
MT can be calculated as follows: 
         Mn 
MT = ∑ [(V/C)*D*EF] ………………………………………………………………….………..…..(Equation: 5-13) 
             M1  
Where, 
M1……. Mn = Construction material type e.g. unbound, dense graded asphalt, sprayed seal, 
micro-surfacing etc. 
V = Volume of each construction material (m3) 
C = Average capacity of transporting vehicle (m3)  
D = Distance traveled from plant yard to the work site (km) 
EF = GHG emission factor for the transporting vehicle type (Kg CO2/km) 
 
ML can be calculated as follows: 
         Mn   En 
ML = ∑ [∫{(V/T)*EF}] ………………………………………………………………………….………(Equation: 5-14) 
             M1   E1  
Where, 
M1……. Mn = Construction material type e.g. unbound, dense graded asphalt, sprayed seal,   
micro-surfacing etc. 
V = Volume of each construction material (m3) 
T = Time required for different types of equipment for laying 1 m3 of the material type  
      (E1…….. En) 
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EF = GHG emission factor for the equipment type (Kg CO2/hr.) 
M1……. Mn = Construction material type e.g. unbound, dense graded asphalt, sprayed seal,   
micro-surfacing etc. 
5.4 Summary   
Optimization of road use phase GHG emission by suitable indicators can be an effective tool 
for managing a road network sustainably. Aggregation of environmental impacts of 
different use phase components that lead to global warming phenomena is identified as a 
potential indicator for general understanding and industry level application. This indicator is 
proposed as ‘RUG Factor’ that presents life cycle road use phase GHG emissions in terms of 
global warming potential (GWP), which measures relative contribution of a given mass of 
GHG to global warming. Primarily major use phase environmental components such as 
rolling resistance, albedo and material are considered based on current level of scientific 
advancements, while complex component like traffic congestion and minor components 
like carbonation, leaching etc. can be included gradually to improve the RUG Factor values 
further. Dividing the three stated major use phase components into subcomponents and 
their critical reviews provided formulation for their GWP impact assessment. The identified 
components form the boundary of the final phase of this research work, which gives this 
research work version of RUG Factor as presented in Figure- 5.10.  
RUG Factor = Road Roughness Sub-factor (RRF) + Albedo Sub-factor (AF) + Material Sub-
factor (MF) 
RRF = Fuel Consumption (FC) + Tyre Wear (TW)  
AF = Radiative Forcing (RF) + Heat Island Effect (HIE) 
MF = Material Production (MP) + Material Transport (MT) + Material Laying (ML) 
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Figure 5-10: RUG Factor (Version-1) tree of life cycle road environmental components. 
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Chapter 6 : Study Tools and Parameters 
6.1 Introduction 
Quantification of RUG Factor and its validation is a complex study. It requires sequential 
analysis with the use of several business systems and computing tools. Collection, scrutiny 
and formatting of multi-dimensional data is a painstaking exercise. It also needs searching, 
identifying and modifying many standard parameters relating pavement maintenance 
management process, pavement treatment option analysis, materials’ emission factors, 
albedo values of the pavement types, traffic analysis, vehicle classification and composition, 
and vehicle fuel consumption and tyre consumption emission factors. This chapter studied 
and identified the background information and data required for quantification and 
validation of the RUG Factor.   
6.2 Study Tools 
The objective of this study is to deliver indicators to facilitate sustainable road development 
and management. This requires the use of currently available tools in the validation process 
so that the developed indicators can be easily accommodated in the systems in place. The 
availability of study data, their reliability and admittance to the systems for carrying out 
assessments are prerequisite. Therefore, the tools are selected based on access to the most 
updated systems in Australia through business involvement and industry acceptance. The 
tools used in this study for carrying out different parts of the analysis are described below. 
6.1.1 SCENARIO Suite Millennium  
SCENARIO Suite Millennium is a powerful Pavement Management System tool for 
practicing road engineers. It is owned and managed by the Transport System Asset 
Management unit of the Department of Transport and Main Roads Department (DTMR), 
Queensland, Australia (DTMR, 2012). It was developed based on the earlier pavement life 
cycle cost analysis tool- Paminet software and the World Bank developed HDM software in 
the mid to late 1990s. It involved beta testing by a network district, and a full-scale pilot 
study with one network district from each region of the state. In June 1999, the SCENARIO 
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was approved for full implementation across DTMR. In subsequent years updated versions 
of the SCENARIO Suite have been released and the Version-5 is now (2015) in use.  
The SCENARIO includes methods for traditional economic indicator directed treatment 
option analysis (DTMR, 2011). Here, road deterioration models used are based on HDM, but 
calibrated to local conditions with support from Australian Road Research Board (ARRB). 
Using the system, an expert practitioner can model how a road network will perform under 
a proposed treatment strategy or works program. Decisions are based on actual road 
condition information, which can easily be imported from various sources including the 
Road Information Data Centre (RIDC). The system has also link with other DTMR tools such 
as ‘Chartview’ that allows comparing road condition data from different sources on the 
same layout, and ‘Digital Video Road (DVR)’ that gives the user the ability to digitally view 
the roads without leaving the comfort of his office (DTMR, 2011). 
The SCENARIO takes into account pavement condition deterioration over time as the 
pavement is loaded and affected by the environment. Deterioration models for attributes 
relating to different treatment options were developed based on local research, ARRB 
studies and the HDM series, and included in the system to predict road attribute values 
over the analysis period. The inbuilt corporate deterioration models include 9 types of 
surface treatments, 5 types of rehabilitation treatments and 5 types of capital works. 
However, the users have the option to build their own deterioration models and treatment 
rule sets based on local conditions and requirements.  
Built-in economic indicators such as Benefit Cost Ratio (BCR), Net Present Value (NPV) and 
Incremental Benefit Cost Ratio (IBCR) allow the SCENARIO to choose the best from the 
alternative treatment options. It uses Road User Costs (RUC) to allow comparison between 
different treatment alternatives, and between project and base cases. The RUC model 
includes (a) vehicle operating costs, (b) travel time costs of occupants, (c) payload costs, (d) 
accident costs, and (e) environment costs arising from traffic noise, air pollution and 
emissions. 
In SCENARIO, a range of data is used to define the details of a road segment as stated 
below (DTMR, 2012): 
 Reference (chainage, segment length, carriageway code and so on.) 
 Inventory (current surfacing type, surfacing width, surfacing age and so on.) 
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 Traffic (AADT, % heavy vehicles, % traffic growth). 
 Condition (roughness average, rutting 80 percentile, cracking longitudinal % and 
cracking crocodile %) 
 Environmental Zone Data (based on a combination of rainfall and soil reactivity 
data).  
In SCENARIO, the unit of measure for roughness is NAASRA Roughness Meter (NRM) in 
counts/km, which is easily convertible to the widely used unit of International Roughness 
Index (IRI) in m/km by the following equation (ARRB, 2007). The roughness values in this 
study are expressed as IRI to facilitate understanding by the international readers.  
NAASRA roughness (counts/km) = 26.49 x IRI (m/km) – 1.27 ……………………..… (Equation 6-1) 
6.1.2 Traffic Analysis and Reporting System (TARS)  
TARS is a web-managed system developed and operated by Department of Transport and 
Main Roads Department (DTMR), Queensland, Australia (TARS, 2012). It has storage, 
processing, and reporting facilities to enable planners, designers, and asset managers to 
assess demand on the road infrastructure. It provides the following information: 
 Annual average daily traffic (AADT)  
 Growth trends of traffic 
 Traffic flow data by direction of travel  
 Daily and weekly interval and summary data  
 Vehicle classification breakdown  
 Intersection count data  
 Speed by direction of travel and vehicle classification  
6.1.3 Green Vehicle Guide (GVG) 
Green vehicle guide (GVG) is an Australian Government Initiative to provide the greenhouse 
gas (GHG) levels of different vehicle models that uses Australian road networks (GVG, 
2015). It helps consumers by providing a user-friendly tool to search for and compare the 
environmental performance, and fuel consumption of new light vehicles (up to 3.5 tones 
gross vehicle mass) sold in Australia since 2004. It uses the CO2 emissions values for each 
P a g e  | 108 
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
light vehicle as the key measure for ranking and comparing all light vehicles. It also provides 
data on fuel consumption, noise and air pollution, giving consumers the flexibility to 
emphasize those aspects that are important to them when they are undertaking vehicle 
searches. 
The data for the GVG is supplied by authorized representatives of vehicle manufacturers. It 
is sourced from the certification data required by Australia’s emissions standards and fuel 
consumption labelling standards (ADRs 79 and 81/02 respectively). 
GVG provides CO2 emission levels of different vehicle models in terms of emissions for 
burning of the particular type of fuel and the fuel production emissions for the quantity of 
fuel for 100km of travel. For this study, these two emissions are combined to assess the net 
emission level of a vehicle type. All the vehicles listed in the GVG are first segregated based 
on their type such as small car, medium car, large car, off-road car, sports utility vehicle, 
and utility van. These are again divided based on their fuel types such as petrol, diesel, 
electric, plug-in electric/petrol, electric/petrol and electric/diesel. Then average emission 
levels for different category of vehicles for each km travel are estimated.   
6.1.4 Carbon Gauge 
This is a GHG assessment calculator for road projects developed by Transport Authorities of 
Australia and New Zealand in 2013.  It comprises four steps to estimate GHG emissions of 
road projects as shown in Figure- 6.1. It gives Scope-1, Scope-2 and Scope-3 6 emissions 
separately for all the phases of a road project based on recent past level of understanding 
on road life cycle assessment. As a result, the use phase environmental components being 
considered under this study are not covered properly here. However, this tool is used to 
assess the emission factors for different types of road works including material processing, 
transportation, laying and associated activities. The Workbook (TAGG, 2013) developed for 
                                                    
6  
 Scope 1: All direct GHG emissions. 
 Scope 2: Indirect GHG emissions from consumption of purchased electricity, heat or steam. 
 Scope 3: Other indirect emissions, such as the extraction and production of purchased 
materials and fuels, transport-related activities in vehicles not owned or controlled by the 
reporting entity, electricity-related activities (e.g. T&D losses) not covered in Scope 2, 
outsourced activities, waste disposal, etc. 
` (Source: Greenhouse Gas Protocol; http://www.ghgprotocol.org/calculation-tools/faq) 
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using the Carbon Gauge tool also provides important information for identifying and 
selecting different parameters necessary for emission factor assessment of road sections 
under this study.   
 
Figure 6-1 : The four steps required to estimate the GHG emissions for a road project 
(TAGG, 2013). 
6.1.5 IS Materials Calculator 
The IS Materials Calculator is a support tool for the IS rating scheme developed and 
administered by the Infrastructure Sustainability Council of Australia (ISCA). This tool 
evaluates environmental impacts in relation to use of materials on infrastructure projects 
and assets. It involves seven steps to complete the assessment terminated with the level 
achieved according to the IS rating tool scorecard. This tool used for assessing the emission 
factors for different types of road works including material processing, transportation, 
laying and associated activities in conjunction with the Carbon Gauge tool.  
6.3  Treatment Types 
This study considers the Australian road networks for the validation of RUG Factors. 
Department of Transport and Main Roads (DTMR), Queensland manages the federal and 
state road networks in Queensland. The common treatments used by DTMR is considered 
for the case studies under this work based on road classification, traffic levels, subgrade 
and environmental conditions, and corporate strategies under the regime of constraint 
funding. Brief descriptions of the treatment types considered under this study are given 
below. The design configurations stated here form the basis of SCENARIO option analysis 
for funding allocation based on agreed standard estimates. So, the stated designs are 
considered as standard for this study; though the real life designs often vary based on 
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actual road conditions. Project costs also vary based on the varied design configurations of 
thicknesses and material types, and tender pricings.  
a) Reseal:  A basic two layers (D/D) sprayed seal treatment without defining the type of 
bitumen or aggregate to be used.  Reseals are generally not allowed over existing 
asphalt surfaces where AADT is greater than 5,000 vpd.  Reseals are targeted at seal 
age resurfacing. 
b) Corrector course and Reseal (COR+S): A reseal on top of a corrector course to address 
rutting, depression and other major pavement defects. The corrector course includes 
different types of treatments. These are cement stabilization of the failed pavement 
sections followed by sprayed seal, fill treatment (e.g. slurry, a combination of emulsion, 
fine aggregate, water and filler) or mill and replace (AC), edge repair and crack sealing. 
c) Thick (45mm) Overlay (45AC14): A non-structural, 45mm asphalt overlay with 14 mm 
stone size.  The type of bitumen varies.  Thick asphalt overlays are targeted at high 
traffic categories (AADT > 5000) and high speed regimes (> 80 km/hr.) for roughness 
reduction and seal age resurfacing. 
d) Corrector and Overlay (COR + 45AC14): A 45mm asphalt overlay as detailed in (c) 
above on top of a corrector course as detailed in (b) above to address rutting, 
depression and other major pavement defects. 
e) Full Depth Asphalt Rehabilitation (REHAB_A):  Rehabilitation with a layer of 45mm 
Open Graded asphalt (OG14) followed by 200mm Dense Graded asphalt (DG28) layers 
and a 50mm Dense Graded asphalt (DG14) surfacing.   
f) Granular Rehabilitation with Asphalt Surfacing (REHAB_GA): Rehabilitation with a 
200mm Granular (unbound) layer base followed by a 50mm Dense Graded asphalt 
(DG10).  
g) Granular Rehabilitation with Sprayed Seal Surfacing (REHAB_GS): Rehabilitation with a 
200mm Granular (unbound) layer base followed by a 14mm/7mm sprayed seal 
treatment.  
h) Foam Bitumen Rehabilitation with Asphalt Surfacing (REHAB_FBA): Rehabilitation by 
foam bitumen stabilization (3.5% bitumen by weight and 1.5% hydrated lime by weight) 
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of 200mm thickness, which includes 150mm of the existing pavement and 50mm by 
adding new granular materials. The surfacing is by a 50mm Dense Graded asphalt 
(DG10). 
i) Foam Bitumen Rehabilitation with Sprayed Seal Surfacing (REHAB_FBS): 
Rehabilitation by foam bitumen stabilization (3.5% bitumen by weight and 1.5% 
hydrated lime by weight) of 200mm thickness, which includes 150mm of the existing 
pavement and 50mm by adding new granular materials. The surfacing is by a 
14mm/7mm sprayed seal treatment.  
j) Cement Stabilized Rehabilitation with Sprayed Seal Surfacing (REHAB_SS):  
Rehabilitation by cement stabilization (2% cement by weight) of 200mm thickness, 
which includes 150mm of the existing pavement and 50mm by adding new granular 
materials. The surfacing is by a 14mm/7mm sprayed seal treatment.  
The SCENARIO cost estimation of the rehabilitation treatments include some common 
works e.g. treatment of the existing pavement damages, rehabilitation of damaged 
culverts, and line marking etc. These are not considered for the assessment of GHG 
emission levels because of their inclusion in all the rehabilitation estimates and very little 
impact for minor variations in quantities or work types.   
6.4  GHG Emission Levels of Treatment Options 
The treatment options over a defined life cycle of 50 years (Referring Section 2.5.2) or other 
period usually include multiple treatments of rehabilitation and resurfacing activities, and 
regular routine maintenance works. These involve material processing, transportation, 
onsite preparatory works and excavations, and laying works involving plants, equipment 
and vehicles. Therefore, the GHG emission calculation needs quantification of different 
materials and equipment fuel consumptions.  
The standardised estimates of different treatment types used for the cost component of 
the SCENARIO tool are analysed comprehensively for this study. The quantities of materials 
for the delivery of a unit measure of 1 sqm of a particular treatment type are then 
extracted. This process involves transferring the total quantities in the estimate to 1 sqm 
work. However, the quantities of all the necessary materials are not available in the 
estimate. For example, the GHG emission estimation of a 200mm thick foam bitumen 
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rehabilitation treatment requires quantities of granular material, bitumen, cement and/or 
lime, and fuel (diesel). The SCENARIO estimate can provide the quantities of 50mm thick 
added up granular materials, bitumen and lime. To get the diesel quantity a complex back 
calculation is done as shown below for the foam bitumen (FB) rehabilitation work. 
 Carbon Gauge Workbook (TAGG, 2013) gives a default diesel quantity of 0.00907 
kL/sqm for Full Depth Asphalt Construction having 280mm Asphalt+150mm Cement 
Stabilization (2% cement) +150mm Granular layers. 
 IS calculator gives Mine to End of Production (extraction at quarry, transportation, 
stockpile, processing and production at the plant) boundary condition (includes 100km 
transport) Emission Factor (EF) of Hot Mix Asphalt (400 MJ/t) for Australia as 0.075 t 
Co2-e/t. 
 IS calculator gives Mine to End of Production boundary condition (includes 100km 
transport) Emission Factor (EF) of Aggregate (400 MJ/t) for Australia as 0.013 t Co2-e/t. 
 VicRoads Carbon Calculator gives Mine to End of Production boundary condition 
(includes 100km transport) Emission Factor (EF) of Bitumen for Australia as 0.641 t 
Co2-e/t. For 5% bitumen in the Asphalt, the EF is 0.03205 (0.641x0.05) t Co2-e/t.  
 So, the EF for Diesel per ton of Asphalt = 0.0262 t Co2-e/t. 
  [0.075 for Asphalt – (0.013 for Aggregate + 0.03205 for Bitumen+ 5% of Asphalt EF, 
assessed for filler and others)] 
 Now the quantity of Diesel in Asphalt is 0.00908 kL/ton as obtained by dividing the 
total Diesel EF of 0.0262 in the Asphalt by the unit Diesel EF (Direct + Indirect) of 2.887 
t Co2-e/t given in Carbon Gauge Workbook (TAGG, 2013). 
 Therefore, for the 280mm thick Asphalt layer construction the Diesel requirement is 
0.00584 kL (0.28cum x 2.3 ton/cum x 0.00908 kL/ton).  
 Now, the Diesel requirement for 500mm aggregate course + 2 coat spray seal is 
0.00242 kL/sqm. Deducting the Diesel requirement for 2 coat spray seal of 0.00049 
kL/sqm provides the Diesel requirement of 500mm aggregate layer. So, the Diesel for 
150mm aggregate layer is 0.00058 kL/sqm. 
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 Consequently, the Diesel for 150mm Cement Stabilized Layer in the Pavement is 
0.00265 kL, and it is 0.00291 kL (0.00265 x 1.1) for 200mm Cement Stabilized Layer; 
considering extra 10% diesel for the 200mm thick layer as both 150mm and 200mm 
thick layers are usually stabilized as a single layer. 
[0.00907 kL for the pavement of 3 layers – (0.00584 kL for the 280mm Asphalt layer 
+ 0.00058 kL for 150mm Aggregate Layer)] 
 Relevant SCENARIO estimate includes 3.17 $/sqm for 200mm deep in-situ cement 
stabilization work including pulverization using one equipment, while the FB 
stabilization estimate includes 2.15 $/sqm for pulverization work and 3.04 $/sqm for 
stabilization work, which summed as 5.19 $/sqm.   
 The total cost of FB stabilization 5.19 $/sqm was then reduced to 70% for an assumed 
additional overhead cost of 30% for using two equipment and operators, which gives a 
figure of 3.633 $/sqm. 
 The cost of 3.633 $/sqm was then proportioned to the cost of 3.17 $/sqm for the same 
thickness (200mm) of cement stabilization works. The resulting value of 1.146 was 
then multiplied with above quantity of 0.00291 kL/sqm, and thus got the 0.00334 
kL/sqm of diesel for the 200mm thick foam bitumen stabilization work. 
 Sensitivity analysis presented in Table- 6.1 shows that a 5% variation to the assumed 
additional overhead cost of 30%, the Emission Factor (mine to end of production) for 
200mm Foam Bitumen Asphalt work varies by less than 3%. This finding indicates that 
any error, which should be minor, in the assumption of overhead cost has negligible 
effect to the analysis result.  
Table 6-1: Sensitivity of overhead assumptions of foam bitumen stabilization process. 
Additional 
deduction for 
Overheads 
Diesel Quantity EF for Mine to End 
of Production 
% EF Variation from 
assumed 30% 
additional Overhead 
% kL/sqm t Co2-e/sqm % 
30 0.00334 0.02355 - 
25 0.00357 0.02423 + 2.89 
35 0.00310 0.02286 - 2.93 
P a g e  | 114 
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
 
 This calculation may have some error for the assumptions made, but of little 
significance to the overall outcome of the work. 
Table 6-2: Emission factor for different treatment types. 
Treatment Type Unit of measure Emission Factor 
Prime Coat t Co2-e/sqm 0.00099 
Tack Coat t Co2-e/sqm 0.00054 
2 coat spray seal t Co2-e/sqm 0.0031 
Corrector t Co2-e/sqm 0.0046 
Corrector + Seal t Co2-e/sqm 0.0077 
Corrector + 45AC14 t Co2-e/sqm 0.0129 
45AC14 + Tack Coat t Co2-e/sqm 0.0083 
Rehav_A (+ Tack Coat) t Co2-e/sqm 0.0523 
Rehav_GS (+ Prime Coat + Seal) t Co2-e/sqm 0.0121 
Rehav_GA (+ Prime Coat + 50AC14) t Co2-e/sqm 0.0177 
Rehav_FBS (+ Prime Coat + Seal) t Co2-e/sqm 0.0276 
Rehav_FBA (+ Prime Coat + 50AC14) t Co2-e/sqm 0.0332 
Rehab_SS (+ Prime+ Seal) t Co2-e/sqm 0.0227 
 
The above process ends up with the total assessed emission factor having the measuring 
unit of ‘ton CO2-e/sqm’ for different treatment types as presented in Table- 6.2. These 
values are used for case studies to find the value of RUG Factor and its impact on life cycle 
treatment option analysis of selected road sections.   
6.5  Vehicle Composition 
Vehicle composition is important to assess the GHG impacts of the traffic mix in a road. The 
Traffic Analysis and Reporting System (TARS) provides average annual daily traffic (AADT) 
values of heavy vehicles and light vehicles. The heavy vehicles class is subdivided into trucks 
and buses, articulated vehicles and road trains, but the light vehicles class do not give the 
composition. Therefore, it required some analysis to find the light vehicles mix in the 
Queensland traffic stream. Appendix- 1 presents the updated TARS traffic data analysis 
report for the road link that includes the two case study sections under this study.  
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The vehicles on register by fuel type in Queensland is available from DTMR, QLD website 
(DTMR, 2014b).  Appendix- 2 presents the information as at June 2014. The share of cars, 
other-cars and motor cycles in the light vehicle category is analysed by combining similar 
types as shown in Table- 6.3.   
Table 6-3:  Queensland light vehicle composition by fuel type   
(Modified from (DTMR, 2014b). 
Vehicle Type by Fuel Nos. of different types Total No. % Remark 
Cars-Diesel 760751+1372  762,123 20.20  
Cars-Petrol 2652822+35680+3 2,688,505 71.27  
Cars-Gas 7396+2 7,398 0.20  
Cars-Hybrid 47+12485 12,505 0.33  
Cars-Electric 111 111 0.003  
Total cars:   3,470,642 92.00  
Other Cars- Diesel 73474+11524+161+81+7152+11 92,403 2.45  
Other Cars- Petrol 7019+3746+1788+362+1+80+106 13,102 0.35  
Other Cars-Gas 1648+10+5+25 1,688 0.04  
Other Cars- Electrical 5826+3 5,829 0.15  
Total Non-Cars: Conditional + motorhome +other 113,022 3.00 Van & 
Ute 
Motorcycles-Petrol 188620+1 188,621 5.00  
Motorcycles -Electrical 70 70 0.002  
Total Motorcycles:  188,691 5.00  
TOTAL LIGHT VEHICLES  3,772,355 100  
 
Further analysis for the new vehicle sales in Australia by month from July 2014 to June 2015 
is presented in Table- 6.4 (ABS, 2014). It shows a negative trend for the passenger vehicles 
i.e. cars, while positive trends for the other types. This analysis also gives the share of cars, 
SUVs and other vehicles. 
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Table 6-4: 2014-2015 vehicle sales in Australia (ABS, 2014) 
Passenger 
vehicles 
Sports 
utility 
vehicles 
Other 
vehicles 
Total vehicles 
Change 
Passenger 
vehicles 
Change 
Sports 
utility 
vehicles 
Change 
Other 
vehicles 
Change 
Total 
vehicles 
no. no. no. no. % % % % 
2014
July       44,147         29,697         19,157             93,001 -0.50 1.10 0.40 0.20
August       43,900         29,896         19,186             92,982 -0.60 0.70 0.20 - 
September       43,621         30,076         19,200             92,897 -0.60 0.60 0.10 -0.10
October       43,399         30,278         19,227             92,904 -0.50 0.70 0.10 - 
November       43,265         30,556         19,291             93,112 -0.30 0.90 0.30 0.20
December       43,109         30,953         19,376             93,438 -0.40 1.30 0.40 0.40
2015
January       42,972         31,428         19,431             93,831 -0.30 1.50 0.30 0.40
February       42,896         31,939         19,453             94,288 -0.20 1.60 0.10 0.50
March       42,857         32,437         19,459             94,753 -0.10 1.60 - 0.50
Apri l       42,817         32,871         19,421             95,109 -0.10 1.30 -0.20 0.40
May       42,754         33,217         19,346             95,317 -0.10 1.10 -0.40 0.20
June       42,671         33,524         19,252             95,447 -0.20 0.90 -0.50 0.10
Total: 518,408  376,872    231,799    1,127,079    -0.33 1.11 0.07 0.28
% Share 46.00% 33.44% 20.57%
 
 
Information from Table-6.3 and 6.4 are analysed, to find the share for cars, big cars and 
motorcycles in the Queensland traffic mix, as presented in detail below: 
 From Table- 6.3; the share of motor cycles - 5%, cars - 92% and other-cars - 3%.  
 From Table- 6.4; share of cars (passenger vehicles) - 46%, SUV- 33% and others- 
21%. Others include bus, truck, and motor cycle etc. Assuming (reasonably) 15% of 
the car family and 90% of the SUVs as big cars, the big cars comprises around 37% 
and the small cars comprise 42% in the mix. It roughly gives a ratio of 53:47 for 
small cars and big cars respectively. Adding 5% motor cycles with the small cars 
changes the ratio further in favour of the small cars.   
 The above two statements give an assumption that 55% of the light traffic can be 
considered as small cars + smaller medium cars + motor cycles, while the remaining 
45% as big cars + SUVs + bigger medium cars + non-cars. This assumption is 
supported by a recent study done by the Climate Change Authority, Australia, 
which is presented in Figure- 6.2 (CCA, 2014). It is seen that in 2013 the share of big 
cars comprising Sports cars, light commercial vehicles, all SUVs and large cars is 
around 56%. However, this share distribution varies over time as evident from the 
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graph; it does not include motorcycles, and a little portion of this group of vehicles 
particularly SUVs may fall under small cars group. Besides, the GHG emissions of 
small, medium and big cars do not vary significantly, and there are different fuel 
types (Referring Table- 6.6). Therefore, any unidentified error in this assumption 
would have a little impact on the emission level analysis.  
 Based on the above findings, the QLD light traffic composition is derived as below 
for use in this study.  
 Motor cycle- 5% 
 Small Cars-   50% 
 Big Cars- 45%  
 
Figure 6-2: New vehicle shares by class of light vehicle, 2005 – 2013 (CCA, 2014). 
6.6  GHG Emission of Vehicle Types 
GHG emission of a vehicle includes both the emission for the fuel production and the 
exhaust pipe emission due to burning of the fuel. To get a 2015 representative emission 
levels for four distinct type of vehicle classes for this study detail analysis are carried out 
based on discrete information collected from different sources. The emission levels of 
motor cycles, bus/truck and articulated trucks are studied using data from ABS (2015b), and 
carbon gauge (TAGG, 2013); and presented in Table- 6.5. For cars and other light vehicles, 
the GreenVehicleGuide (GVG) tool and its inbuilt database are analysed to find the GHG 
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emission levels. This analysis helped to get the emission values of the vehicles for their 
different models currently available for sale in Australia.  
Table 6-5: 2015 emission level assessment of 3 types of vehicles using data from 
different sources.  
Vehicle Fuel 
Type 
Fuel 
L/100km 
Fuel 
L/km 
Emission 
Factor 
(t CO2-e/kL) 
Emission 
Factor 
(g CO2-e/L) 
Total 
Emission 
(g/km CO2) 
Source: Australia 
Bureau Statistics 
(ABS (2015b) 
Source: Carbon Gauge 
Workbook  
(TAGG, 2013) 
(a) (b) (c) (d) = 
(c)/100 
(e) (f) = 
(e)x(1000) 
(g) = (d)x(f) 
Motor Cycle  Petrol  5.9 0.059 2.562 2562 151 
Bus/Truck Diesel 28.4 0.284 2.887 2887 820 
Articulated 
Truck 
Diesel 56.9 0.569 2.887 2887 1643 
 
This GVG data analysis involves segregation of all the models based on their physical types 
such as small cars, medium cars, big cars, motor cycles, off-road vehicles, vans and utility 
vehicles , and fuel types such as petrol, diesel, hybrid and electric. The analysis involves 
total emission count (g/km CO2) for all the models and then their averaging.  The average 
values and follow up calculations are presented in Table- 6.6. The mean value of small cars 
and medium cars of four different fuel types is considered as the value for the small cars. 
This value is then added with the emission of motorcycles for their proportion in the traffic 
mix to get the representative value for this study. On the other hand, the mean value of big 
cars, off-road vehicles, vans and utility vehicles  is considered as the value for the big cars. A 
total of 542 different models of vehicles sold in Australia are included in the analysis. 
Appendix- 3 presents a few samples of the GVG based analysis done for this study.  
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Table 6-6: 2015 emission levels of different vehicle class and their 20 years and 50 years 
projection. 
Vehicle Fuel Emissions (g/km) CO2 Share 
(%) 
Avg. 
(2015) 
Avg. 
12.5% 
increase 
over 50 
years 
Avg. 5% 
increase 
over 20 
years 
Small Medium Large Avg. 
Small 
Cars 
Small 
Cars 
Petrol 128 131     45 121 106 115 
Diesel 111 128   131 
Hybrid   120     
Electric 135 167     
Motor 
Cycles 
Petrol 151   151 5 
Big 
Cars 
Car 
(Large) + 
SUV 
Petrol     135 163 35 197 173 187 
Diesel     132 
Hybrid     179 
Electric     207 
Off-road 
Vehicle 
Petrol     205   15 
Diesel     187   
Ute Diesel     220 211 
Van Petrol     237   
Diesel     205   
Bus/Truck             820 718 779 
Articulated 
Truck 
            1,643 1,438 1,561 
 
Table- 6.6 shows the average emission factor for four different types of vehicles. These are 
small cars that also include motor cycles; big cars that also include SUVs, off-road vehicles, 
utility vehicles and vans; bus/trucks; and big trucks that comprise articulated trucks and 
road trains. Research on conventional as well as non-conventional engine types promises 
continuous fuel efficiency improvement. Besides vehicle technology improvement, there 
are other areas such as increased use of biofuels and cleaner electric grid mix promises 
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vehicle’s GHG emission reduction (Kromer et al., 2010). However, it is very difficult to 
predict a precise improvement due to various uncertainties regarding future fuel mix in the 
traffic stream. 
Figure- 6.3 presents total road emissions, activity and emissions intensity of light vehicles in 
Australia over a 50 years period from 1990 to 2030 (CCA, 2014). This is a business as usual 
(BAU) scenario with projections from 2013 to 2030 with no carbon pricing. It includes 
passenger vehicles and motor cycles, and does not include light commercial vehicles. It 
shows that the emissions intensity would decrease from around 285 g CO2-eq/vkt in 1990 
to 200 g CO2-eq/vkt in 2030. This implies a decrease of 29.82% over a period of 40 years.  
USA, European Union, Japan and some other countries have imposed ambitious mandatory 
vehicle emission standards over the period to 2025. There are calls for similar standards to 
be adopted in Australia (CCA, 2014). These initiatives may have a positive impact to the 
emission efficiency of the new light vehicles to be sold in Australia. On the other hand, 
there are constraints too. These are: 
a) Conventional internal combustion engines (ICE) will dominate for many more years. The 
2014 Energy Information Administration, USA Annual Energy Outlook forecasts that 
even by the year 2040, over 99% of all highway transportation vehicles sold will still 
have ICEs (DOE, 2015b).  
 
b) Age of vehicle fleet. In 2015, the average age of all vehicles registered in Australia was 
10.1 years. Besides, over the five year period from 2010 average age all vehicle types 
except Campervans increased (ABS, 2015a).  
 
c) Australian new vehicle market is one of the most competitive in the world, with 67 
brands (Table -6.7)  offering more than 400 models (FCAI, 2015). As a result, marketing 
strategy often allows price reduction in exchange of innovative technology issues that 
may help emission reduction. This is due to the higher cost of more efficient ICE 
technologies (DOE, 2015b).  
 
d) Trucks accounting for 20 per cent of transport emissions in 2012. The road freight task is 
growing quickly. It increased by 42% from 2002 to 2012 to 208 billion ton-km, and 
projected to increase further to 357 billion ton-km in 2030. This means emissions from 
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trucks are projected to rise much faster than those from other types of road vehicles 
(CCA, 2014). A further study of BAU fleet average fuel consumptions (Liter/100km) for 
three different types of conventional (ICE) heavy vehicles is presented in Table- 6.8 using 
data from Reedman and Graham (2013). It is seen that for the period of 2006 to 2050, 
the projected fuel efficiency improvements are between 14% and 29%. It indicates that 
the GWP improvement of heavy vehicles would be similar to the light vehicles.  
This research study includes two different periods of 20 years and 50 years for life cycle 
analysis of alternative road maintenance strategies. Based on the findings above, it is 
assumed that fuel consumption would improve by 10% over next 20 years and 25% over 
next 50 years. It brings an average improvement of 5% and 12.5% of emission levels 
respectively for 20 years and 50 years evaluation. Table- 6.6 shows the adjustment for 20 
years and 50 years accordingly for GWP of four different types of vehicle classes 
considering 2015 as the base year. 
 
 
 
Figure 6-3 : Passenger vehicle road emissions, activity and emissions intensity,  
1990–2030 (CCA, 2014). 
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Table 6-7: Competitiveness of Global Vehicle Market (FCAI, 2015) 
 Australia Canada UK USA 
No. of brands in 
market 
67 49 53 51 
Sales, no. 1,112,032 1,620,221 2,249,483 13,040,632 
Market size per 
brand 
16,597 33,066 42,443 255,699 
 
Table 6-8: Fleet average fuel efficiency by engine type, conventional vehicles 
 (Reedman and Graham, 2013) 
Vehicle Type Bus Rigid Truck Articulated Truck 
Fuel Type Diesel LPG E10 Diesel LPG E10 Diesel LPG E10 
Fuel Efficiency L/100 km 
Year- 2006 26.7 48.1 37.5 28.9 52.2 40.6 54 85.2 75.8 
Year- 2050 23 34.1 28 24.9 37 30.3 46.4 69.7 56.6 
% Improvement 13.9% 29.1% 25.3% 13.8% 29.1% 25.4% 14.1% 18.2% 25.3% 
 
6.6.1 Road Roughness Impact on Fuel Consumption 
The impact of road roughness on fuel consumption levels of different vehicle class is 
required for life cycle emission assessment. The percent increase of vehicle fuel 
consumption (FCC) can be calculated by the following equation used by  Islam and Buttlar 
(2012) for IRI in m/km: 
FCC = 0.9947 x IRI – 0.996   (IRI in m/km) ………………………………………………...… (Equation 6-2) 
The above equation is originally based on calibrated HDM-4 model for USA condition by 
Zaabar and Chatti (2010). The calibration was required as the HDM-4 model was developed 
on the studies carried out in some developing countries, which do not represent the 
conditions of developed countries properly.  
Equation- 6.2 gives an average FCC of 1% for increase of 1 unit of IRI (m/km) for different 
types of vehicles. This value is found satisfactory from a simplified analysis of the qualified 
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IRI-Fuel Consumption studies for cars from 1982 to 2010 extracted from Tan et al. (2012).  
The source studies are mentioned here from Table- 2 of Tan et al. (2012) for their 
identification and hence not included in the Reference list of this thesis. Out of 10, 3 studies 
seem inconsistent with others in terms of fuel consumption values. These are; as 
mentioned in Tan et al (2012); Ross (1982), Bester (1984) and Sandberg (1990); and they 
are excluded from the assessment (highlighted with italic text).  Study done by; as 
mentioned in Tan et al (2012);  du Plessis, Visser & Curtayne (1990) considers only one IRI 
level, and the outcome seems inconclusive. The values of the remaining 6 studies are 
spread for their respective IRI ranges in between 1 and 6 in 11 groups as detailed in Table- 
6.9. The values of each group are then averaged, which gives a mean fuel increase of 0.89% 
to 1.15% for different IRI groups. The average of these mean values gives the average FCC 
of 0.91% per unit of IRI. If the above 3 studies are not excluded, the average FCC is 0.96%. 
Besides, the car group includes a wide range of small, medium and large passenger and 
trade vehicles with the possibility of some variation in FCC. So, the Equation- 6.2 outcome 
of 1% FCC can be considered standard for cars.  
Table 6.10 presents the simplified analysis of 5 studies for large trucks from 1987 to 2010 
extracted from Tan et al. (2012).  Here, a study done by ; as mentioned in Tan et al (2012);  
Epps et al (2002) is excluded for very low FCC level and just one IRI level, which seems 
inconclusive. The average FCC of the 4 remaining studies is 0.79%., which can be taken as 
0.8%. This value seems justified as a heavy vehicle likely to have less impact of roughness 
because of its large radius wheels and higher momentum.  
This study will use the above findings as the extreme two levels of FCC per unit of IRI 
increase; 1% for small vehicles (cars and equivalent) and 0.8% for large vehicles (articulated 
trucks and equivalent). The medium vehicles e.g. rigid truck or bus can accordingly be 
assigned as 0.9% FCC per unit of IRI increase. Table- 6.11 presents the summary findings. 
In Australia exhaust emissions of all vehicles are tested to the same test procedure (drive 
cycle) under carefully controlled conditions in specialized vehicle emission laboratories 
(GVG, 2015). For comparability, the drive cycle test is conducted under specific conditions 
and with no ancillary loads on the engine e.g. air conditioning, heating, headlights, radio 
etc. As such the fuel consumption experienced for a vehicle in 'real world' driving scenarios 
may differ from the test cycle results (GSA, 2015). Research by the European Commission 
also exposed some of the lab techniques used by car manufacturers internationally, 
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including taping up car doors and windows and driving on unrealistically smooth surfaces to 
achieve lofty emission and fuel economy claims. It identified that in the real world NOX 
(nitrogen oxide) emissions are higher than indicated by the test, up to a factor of 4 or 5 
(Drive, 2015). Smit and Bluett (2011) reported investigation outcome of vehicle emission 
using a new remote sensing method. In order to make a valid comparison they controlled a 
number of factors such as vehicle technology, measurement technique and driving 
conditions and use a variable called ‘Pollution Index’ (g/kg). The investigation into one 
vehicle class showed that laboratory and remote sensing data are substantially different for 
CO, HC and NOx emissions, both in terms of their distributions as well as in their mean and 
99-percentile values. The larger mean values of remote sensing data suggested that high-
emitting vehicles might not be adequately captured in the laboratory test data.  
Table 6-9: Simplified analysis of representative IRI-Fuel Consumption studies for cars from 
1982 to 2010 (After Tan et al, 2012).  
Selected Studies as mentioned in Tan et al (2012)  
 
 
 
 
 
Average 
(Each IRI 
Group) 
 Ross Bester Young Descornet Laganier 
& Lucas 
Sandberg du Plessis, 
Visser & 
Curtayne 
BTCE Zabbar & 
Chatti 
Country USA USA UK Belgium France Sweden South 
Africa 
Australia USA 
Year 1982 1984 1988 1990 1990 1990 1990 1997 2010 
IRI 
Range 
1-3.5 1.5-5.5 2-5 1-6 1-6 1-6 1.5 1.5-6 1-5 
IRI % Increase of Fuel Consumption for increment of the IRI level by 1 unit  
1 
0.4 
0.8 1.2 
1.7 
 
0.9 0.97 
1.5 
0.5 
0.8 1.2 0.7 0.9 0.9 0.95 
2 0.8 0.8 1.2 0.9 0.9 0.92 
2.5 0.8 0.8 1.2 0.9 0.9 0.92 
3 0.8 0.8 1.2 0.9 0.9 0.92 
3.5 0.8 0.8 1.2 0.9 0.9 0.92 
4 0.8 0.8 1.2 0.9 0.9 0.92 
4.5 0.8 0.8 1.2 0.9 0.9 0.92 
5 0.8 0.8 1.2 0.9 0.9 0.92 
5.5 0.8 1.2 0.9 0.97 
6 0.8 1.2 0.9 0.73 
Average FCC per IRI :    0.91 
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Table 6-10: Simplified analysis of representative IRI-Fuel Consumption studies for large 
trucks from 1982 to 2010 (After Tan et al, 2012).  
Selected  Studies as mentioned in  Tan et al (2012)  
 
 
 
 
 
Average 
(Each IRI 
Group) 
 du Plessis, 
Visser & 
Curtayne 
BTCE Jamison 
& Cenek 
Epps et al Zabbar & 
Chatti 
Country South Africa Australia New 
Zealand 
USA USA 
Year 1990 1997 1999 2002 2010 
Study IRI 
Range 
1.5 1.5-6 2-5 3.5 1-5 
IRI % Increase of Fuel Consumption for increment of the IRI level by 1 unit  
1         0.6 0.6 
1.5 1.1 0.9     0.6 0.87 
2   0.9 0.8   0.6 0.77 
2.5   0.9 0.8   0.6 0.77 
3   0.9 0.8   0.6 0.77 
3.5   0.9 0.8 0.45 0.6 0.77 
4   0.9 0.8   0.6 0.77 
4.5   0.9 0.8   0.6 0.77 
5   0.9 0.8   0.6 0.77 
5.5   0.9       0.90 
6   0.9       0.90 
Average per IRI 0.79 
 
Table 6-11: Vehicle fuel consumption increase with road roughness. 
Vehicle Type Fuel Consumption Increase (FCI), 
(%/IRI) 
Car/Motor Cycle 1 
Big Car 1 
Bus/Truck 0.9 
Big Truck 0.8 
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Considering the above findings, it can reasonably be assumed that the stationary laboratory 
test for vehicle exhaust emission does not subject to a condition harsher than a road 
surface of roughness level more than 1 m/km IRI. On the other hand, study of DTMR, QLD 
road condition databases shows that a roughness level of IRI 1m/km has been attained in 
many sections during new construction and even after a few years of quality construction, 
rehabilitation as well as through corrector course + surfacing treatments. Figure- 6.4 
presents DTMR Chartview data for road roughness, rutting and seal age of chainage 30km 
to 50 km of Warrego Highway, DTMR, QLD. It is seen that many sections have roughness 
(IRI) of around 1 m/km (NRM counts/km = 25.22). Chainage 36km-37km, one of the two 
case study sections under this study, has an IRI of 1.18 m/km after 9 years of rehabilitation 
with cement stabilized base and asphalt surfacing. Therefore, this study will consider 1 
m/km IRI as the baseline GWP level for vehicle emission factors presented in Table- 6.6. The 
increase of fuel consumption levels for different groups of vehicles presented in Table- 6.11 
will be assessed based on this baseline road condition of 1 m/km IRI.  
 
Figure 6-4 : Road condition and seal age graphs for chainage 30km to 50km of Warrego 
highway (Carriageway -2) (Source: Chartview, DTMR, QLD) 
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6.7  GHG Emission of Tyres 
Vehicle tyre production and retreading involve high level of GHG emissions. Road condition 
particularly roughness has significant impact on tyre wear and tear as detailed in Section 
5.3.2.2. A LCA study of car tyres by Krömer et al. (1999) showed that the GWP impact of 
tyre is highly influenced by the use phase, which is approximately 96.3% of the life time of a 
tyre (Figure- 6.4). However, this is attributed to the car’s fuel consumption during the use 
phase to overcome the tyre-incited travelling resistance and that is addressed separately 
under this study (Section- 5.3.2.1 and 6.6.1). For GHG emission of tyres, under this study, 
the focus is on the other three less impacting modules- acquisition of raw materials, 
transport and production.  
 
Figure 6-5 :  Life cycle GWP impact of a car tyre (Krömer et al. (1999) 
A comparison of GWP impact levels for different modules of car tyres between the 
Continental tyres, Germany (Krömer et al., 1999) and Nokia tyres, Finland (NokiaTires, 
2015) is presented in Table- 6.12. It is seen that the GWP for acquisition of raw materials 
for the two companies is comparable- 61% and 65% respectively. However, there is big 
difference for the transport and production modules. This may be due to difference in 
sourcing of materials, distribution of product, transport mode, production process and the 
system boundary model considered for these two modules. Therefore, there are scopes for 
variation in the GWP impact levels for tyre deliveries of different companies, but that may 
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not be significant because a major part of the GWP lies with the acquisition of materials 
module.  
A passenger car tyre is considered as an equivalent passenger unit (EPU). The weight of an 
EPU for a new tyre is standardized as 9.5kg; and the weight of an EPU for an end-of-life tyre 
is standardized as 8 kg. Consequently, the lifetime wear of a passenger car tyre is 1.5 kg. 
The EPU of vehicles as reported by tyre importers and vehicle manufacturers in Australia 
are 0.5, 1, 2 and 5 for motorcycle, car, SUV and bus/truck respectively (TyreStewardship, 
2015). Table- 6.13 presents the wear (kg) of different vehicle tyres based on their 
respective EPU values, and GWP (kg CO2-eq) of 22.8 for standard passenger car tyre (EPU = 
1) as found from Table- 6.12.  
Table 6-12: GWP impact of non-use phase modules of car tyres 
 Continental Tyre, Germany Nokia Tyre, Finland 
Module GWP  
(kg CO2-eq) 
GWP  
(%) 
GWP 
(%) 
Acquisition of raw materials 14 61 65 
Transport  1.5 7 15 
Production 7.3 32 18 
Total GWP 22.8 100% 100% 
 
Table 6-13: Life cycle non-use phase GWP impact of different vehicle tyres 
    Tyre Weight (kg) Wear     
(Kg) 
GWP 
(CO2eq)   EPU New End of Life 
Motor Cycle 0.5 4.75 4 0.75 11.4 
Car 1 9.5 8 1.5 22.8 
SUV 2 19 16 3 45.6 
Bus/Truck 5 47.5 40 7.5 114 
 
The GWP values shown in Table- 6.13 are used for impact assessment of different road 
maintenance strategies under this study. The assessment includes assessment of percent 
wear of a tyre for the roughness level of the road against the base case of IRI = 1 m/km. The 
level of tyre wear also depends on the speed environment of the road. The road sections to 
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be analysed under this study will be high speed environment major highways. For the 100 
km/hr. speed zones, the tyre wear levels for an average increase of roughness levels in IRI 
(m/km) of different vehicle types are studied from Table- 5.4, and decided as shown in 
Table- 6.14 for use in this study. The number of tyres for different vehicle groups in 
Australia are assessed and presented in Table- 6.15 for use in this study.  For big truck 
group comprising many different axle configurations of articulated trucks and road trains a 
representative average value is considered based on qualitative assessment due to absence 
of required published data for quantitative assessment. Same approach is applied for the 
bus/truck group too.  
Table 6-14: Tyre wears increase with road roughness.  
Vehicle Group Baseline 
Condition at 
IRI 1m/km 
(%/km) 
Tyre Wear Increase 
(on the base line 
condition), %/IRI 
 
Remark 
Cars/Motor Cycle 0.0014 1.3 Average of speed 
levels 88 km/hr and 
112 km/hr referring 
Table- 5.4 
Big cars 0.0018 1.3 
Bus/Trucks 0.0008 1.2 
Big Trucks 0.0008 1.1 
 
 
Table 6-15: Number of tyres for different vehicle types.   
Vehicle Group No. of Tyres/Vehicle 
Motor Cycle 2 
Cars 4 
Big cars 4 
Bus/Trucks 10 
Big Trucks 30 
 
The data provided in Table- 6.13, 6.14 and 6.15 allow assessment of tyre GWP impact of 
different vehicle classes for road roughness by using Equation- 5.5.  
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6.8 Albedo of Pavement Surfacing 
The assessment of albedo aspects is very delicate. Prediction of albedo levels of a road 
treatment is very uncertain. The issues are discussed in Section 5.3.4. In general, 
bituminous road surfaces in Australia are treated with sprayed seal and asphalt concrete 
overlay. They may have varying albedo level changes with the age of the surfacing 
(Referring Section- 4.6.2), and the general trend of bituminous surfacing is increasing 
albedo with age. Albedo values of asphalt concrete and sprayed seal are collected from 
literature search and presented in Table- 6.16.  Here, the TRB study (Li et al., 2015) includes 
the findings of three contemporary USA studies including the typical albedo values. After 
studying the ranges of albedo values presented in Table- 6.16, the typical values stated by Li 
et al. (2015) are considered for use in this study. The wider limits shown in the typical 
values support the findings of all other studies.   
Table 6-16: Albedo values of asphalt concrete and sprayed seal surfacing 
Asphalt Concrete Sprayed seal Source 
Range Average Range Average 
0.05 - 0.10 
(new) 
   Albedo: a measure of pavement 
surface reflectance (American 
Concrete Pavement Association, 
(2002) 
0.10 - 0.15 
(weathered) 
   
0.05 - 0.15 0.1 0.14 - 0.16 0.15 Evaluation of cool pavement 
strategies for heat island 
mitigation (Li, 2012) 
Lawrence Berkeley National Laboratory Study TRB Study: Pavement Treatment 
Practices and Dynamic Albedo 
Change of Urban Pavement 
Network in California (Li et al., 
2015) 
0.1 - 0.15 0.12 0.1 - 0.2 0.15 
Federal Highway Administration (FHWA) Project 
0.05 - 0.15 0.1   
University of California Pavement Research Centre 
(UCPRC) Project 
0.06 – 0.15 0.1 0.14 – 0.24 0.18 
Typical 
0.05 - 0.15 0.1 0.1 - 0.24 0.15 
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Literature does not provide any reliable model that gives changes of pavement albedo (∆ɑ) 
with age except the general findings of albedo improvement of bituminous surfacing with 
age. Therefore, to facilitate this study it is considered linear for simplicity and values are 
assigned with an average life of 10 years for sprayed seal and 15 years for asphalt concrete. 
For the full life consideration of a surface, ∆ɑ is proposed as the average albedo (Referring 
Equation- 5.9 and 5.10) of the particular surfacing type.  
For GWP assessment due to radiative forcing the CO2e offset constant (KRF, Equation- 5.9) is 
2.55 kg/m2 as a one-time offset for an 0.1 increase of albedo over the life of pavement, 
usually considered 25 to 50 years (Akbari et al., 2009). For a life cycle analysis period of 50 
years this value is considered, but for a lower life for example, 20 years analysis the value 
will be proportioned accordingly as there is no reliable indication available from literature. 
For GWP assessment due to heat island effect the CO2e offset constant (KHIE, Equation- 
5.10) is considered 4.85 g/m2 per year for 0.1 increase of albedo (Santero and Horvath, 
2009) as stated in Section 5.3.3.  
6.9  Summary 
To assess the scope for quantification of the developed road use phase indicator ‘RUG 
Factor’, various tools, parameters and data sources are studied and identified in this 
chapter. Updated tools available in DTMR, QLD and other Australian government 
organizations such as SCENARIO, Traffic Analysis and Reporting System, Green Vehicle 
Guide, Carbon Guide, and IS materials Calculator are selected to carry out the 
quantification. Different types of standard road works in DTMR, QLD and their construction 
emission levels; vehicle composition in Queensland for different class and fuel types and 
their emission levels, impact of hybrid and electric vehicles in the traffic mix for future road 
emission levels, impact of road roughness on fuel and tyre consumptions, impact of albedo 
for radiative forcing and urban heat island effect; and road materials emissions for 
production, transportation and laying are analyzed in detail using information from most 
recent published sources and standardized for this study. Parameters and constants of the 
equations developed in Chapter- 5 are satisfactorily addressed for the quantification of RUG 
Factor, and thus the primary validation of the indicator is confirmed.  
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Chapter 7 : Road Use Phase Global Warming 
Potential (GWP) Assessment  
7.1 Introduction 
The proposed road use phase environmental indicator termed ‘RUG Factor’ primarily 
includes the most impacting environmental components of the use and maintenance 
phases. The primary validation process in Chapter-6 confirmed the availability of data, 
parameters and tools for estimating the RUG Factor. To assess the impact of RUG Factor 
on life cycle treatment strategy of roads, case studies are conducted and detailed in this 
chapter. The study involves two comparable sections with different pavement formation 
of a major Queensland highway. 20 years and 50 years life cycle treatment option analysis 
are done using the DTMR, QLD Pavement Management System tools for different 
rehabilitation and program maintenance matrix. The RUG Factor for different treatment 
options are then calculated and compared for their emission levels.  
7.2 The Highway  
For the case study, one of the main national highways of Australia, the Warrego highway is 
selected (DTMR, 2016). The 750km long highway connects Queensland capital Brisbane 
with most of the important cities, towns and growth centers in the southern part of the 
state. It is divided into 5 different parts, 18A, 18B, 18C, 18D and 18E. The highway has more 
than 100km dual carriageway and the rest is 2 lanes. The speed environment is 100km to 
110km in rural areas. The traffic level is 50,000 AADT at the Brisbane end, which reduces to 
300 AADT in some remote rural sections. Heavy vehicle share ranges from 7% to 30% over 
the length of the highway. It has great economic importance as the only east-west corridor 
in southern Queensland. 
Chainage 36.00km - 37.00km and 46.00km - 47.00km are selected for this analysis for a 
high level of comparative assessment. Despite a distance of 10km, they fall in the same link, 
ch. 28.9-55.52, and have the same traffic level, traffic flow type and speed limit (Appendix- 
1). However, they have different pavement configuration particularly surfacing- the first 
one has an asphalt concrete surfacing and the second one has a sprayed seal surfacing. 
Both the sections are almost straight and near flat formation. Table- 7.1 presents the 
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general features of the sections and Table- 7.2 presents the pavement conditions. 
Appendix- 4 presents the Chartview snaps of the sections for some attributes. The 
assessment of fuel consumption (FC) using Equation- 5.3 does not require speed level 
adjustment (SLA), traffic-flow adjustment (TFA) and gradient adjustment (GA) for either of 
the two sections for conditions in place and projected over the analysis period.  
Table 7-1: General features of the study highway sections. 
Attributes 36.00km – 37.00km 46.00km – 47.00km 
Pavement 
Configuration 
Subgrade Soil Type Wet Non-Reactive Wet Non-Reactive 
CBR 12% (assumed) 12% (assumed) 
Base Granular 200mm  (Layer-6, 1979) 150mm  (Layer-4, 1986) 
Cement 
Stabilise 
250mm  (Layer-5, 2005) - 
Surfacing Bituminous 120mm  (4 layers, 2005) 
(Slurry Seal + DG 
Asphalt + PMB Spray 
seal + DG Asphalt) 
40mm 
(3 layers of sprayed seal) 
(16mm in 1986, 12mm 
in 1995, 12mm in 2008) 
Climate Zone Subtropical; warm humid summer and mild 
winter 
Carriageway  Type Dual (2 + 2) Dual (2 + 2) 
Width 14.6m 14.6m 
Lanes 4 nos. 4 nos. 
Study Carriageway Carriageway- 2 
(West bound) 
Carriageway- 2 
(West bound) 
Study Carriageway Lanes 2 nos. 2 nos. 
Study Pavement Width 10.63 m 10.084m 
Lane Width 3.6m 3.6m 
Shoulder Width 2m 2m 
Seal width 9.63m 9.108m 
Seal type Dense Graded Asphalt Spray Seal 
Last sealing year 2005 2008 
Geometry General Terrain Rolling Level 
 Formation Age 36.7 years 21.4 years 
 Rise + Fall 15% 15% 
 Avg. horizontal curvature 1% 1% 
 Speed limit 100km 100km 
 Altitude (Average) 77m 98.15m 
 Drain Type Free drain Free drain 
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Table 7-2: Pavement conditions of the study sections at the time study (October 2015).  
Attributes  36.00km – 37.00km 46.00km – 47.00km 
Pavement 
type 
 Flexible Flexible 
Pavement 
Age 
 9.8 years 29.6 years 
Seal Age  9.8 years 7.4 years 
Roughness Roughness survey date 07/04/2015 07/04/2015 
IRI, m/km 1.18 2.80 
NAASRA Roughness 
Meter (NRM), counts/km 
30 73 
Roughness, percent less 
70 NRM 
100 40 
Roughness, percent less 
110 NRM 
100 100 
Vision Roughness, NRM 90 90 
% Area 
cracking 
Crocodile cracking, % 0 12 
Longitudinal cracking, % 0 0 
 Transverse cracking, 
count 
0 10 
Rutting 
(mm) 
Average rut depth, mm 1.6 5.4 
Rutting Standard 
Deviation, mm 
0.5 4 
Rutting percent 10 to 20 0 9 
 Rutting, mm, 80 
percentile 
2 8.8 
No. of potholes (no./km) 0 0 
Ravelled area, % 1  
Edge breaks area, % 0 0 
Skid resistance (SCRIM, km/hr) 0.5 0.5 
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Traffic data of the studied sections were collected from Traffic Analysis and Reporting 
System (TARS) of DTMR. Both the section 36-37km and 46-47km fall in the same segment 
having same traffic configuration. The traffic data is presented in Table- 7.3 and the detail 
report is available in Appendix- 7.1. The shares of different vehicle groups are presented in 
Table- 7.4.  
Table 7-3:  Traffic data of the study sections: 36-37km and 46-47km (Year 2013). 
Segment:  28.9 km – 55.52 km 
AADT (both ways) 21,045 Year 2013 
AADT (West bound)  10,403 
 10,666 Adjusted from SCENARIO 
analysis, dated 20/10/2015 
Vehicle composition Light vehicle share 81.64 % 
Heavy vehicle share 18.36 % 
Heavy vehicle 
composition 
Trucks and Buses 7.91% 
Articulated Trucks + Road Trains 10.45% 
Traffic growth rate Last 5 years 3.13% 
 
Table 7-4: Shares of different vehicle groups for road sections: 36-37km and 46-47km. 
Vehicle 
Type 
 TARS 
findings, 
% 
Light 
Vehicle 
Type 
Light Vehicle 
Composition, % 
(Ref. Section 6.5) 
Calculated, 
% 
Adjusted,  
% 
Heavy 
Vehicle 
Bus + 
Trucks 7.91 
  
7.91 8 
 
Big Trucks 10.45 
  
10.45 10 
Light 
Vehicle 
 
81.64 
Motor 
Cycles 5 4.08 4 
   
Small Cars 50 40.82 41 
   
Big Cars 45 36.74 37 
SUM= 
    
100 100 
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7.2.1  36-37 km Assessment (Case Study- 1) 
As detailed in Section 7.2 the 36-37km road data is studied by SCENARIO pavement 
management tool. Considering the life cycle assessment (LCA) period of 50 years (Referring 
Section 6.4), different maintenance and rehabilitation strategies are designed. It is a busy 
highway with little scope for detour of high traffic levels. To ensure minimum impact to the 
traffic flow, the general trend is to consider treatments of quick implementation. As a 
result, for rehabilitation work full-depth asphalt is often a popular option. Because of high 
cost of traffic management and users cost for traffic congestion or long detour it is 
sometimes a cost-effective and low emission option too. Considering this practical aspect, 
two different groups of prioritisation analysis are studied. At first, analysis for a series of 
treatment strategies with only full-depth asphalt as the rehabilitation treatment and 
various maintenance treatments is done. Then the best-found full-depth option is 
compared with other types of rehabilitation treatments such as granular, cement stabilised 
and foam bitumen stabilised. The main limitation of the analysis is exclusion of traffic 
congestion from the present version of RUG Factor assessment as discussed earlier. It is 
noted that SCENARIO also does not consider traffic congestion. Consequently, even 
inclusion of traffic congestion in the RUG Factor cannot give a clear picture as the exercise 
needs to be compared with the business as usual (BAU) economic indicator based 
prioritisation.   
7.2.1.1 Full-Depth Asphalt Rehabilitation Prioritization 
Many alternative treatment strategies involving full-depth asphalt rehabilitation (Rehab_A) 
including one or more resurfacing of asphalt overlay (45AC14) and/or sprayed seal (S) with 
or without a corrective course (COR) are assessed using SCENARIO pavement management 
system (PMS) tool. The routine maintenance activity is common and equal to all the 
strategies as default in the SCENARIO. The corporate discount rate of 7% is considered for 
all the economic analysis. Many strategies are discarded for negative net present value 
(NPV) outcomes. From road agencies’ business point of view, negative NPV are generally 
not accepted. Best five strategies with positive NPV are considered for comparative 
assessment for their RUG Factor GWP impacts. Appendix- 5 presents the 36-37 km 
assessment as a sample of this series.  
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The SCENARIO analysis outcome is presented in Table- 7.5. It shows that the present 
condition of the pavement requires a resurfacing treatment for most strategies, and the 
avoidance of the resurfacing treatment requires the earliest economic rehabilitation in 
2032/2033 under the Rehab_A-4 strategy. From NPV consideration, this is the 2nd best 
option with a NPV of A$40,825, while Rehab_A-2 is the best economic option with the 
highest NPV of A$53,573.  It is seen that Rehab_A-4 strategy involves two full depth asphalt 
rehabilitation (Rehab_A) works and one asphalt overlay (45AC14) work. On the other hand, 
Rehab_A-2 strategy involves one full depth asphalt rehabilitation (Rehab_A) work and two 
asphalt overlay (45AC14) works. This strategy includes one early 45AC14 work with 
corrective course (COR), which facilitates preservation of the pavement with consequent 
delay of the Rehab_A work. It helps reduce the overall agency cost with a strong NPV 
outcome over the life cycle of 50 years. Besides, the possible higher traffic management 
issue including higher users cost for travel delay during Rehab_A work, which is not 
considered by the SCENARIO model, might lead to further reduction of NPV of Rehab_A-4 
strategy as it involves two such major works. The complexity associated with rehabilitation 
work and the high rehabilitation cost at 20 years interval may discourage the agency to 
avoid the Rehab_A-4 strategy. Furthermore, the discounted present worth cost of 
Rehab_A-2 strategy is less too. The discounted present worth benefit is also better for this 
strategy due to a little better life cycle roughness (NRM/IRI). Therefore, the conventional 
PMS assessment projects Rehab_A-2 as the best treatment strategy. Now, we can review 
the findings of RUG Factor assessment for the life cycle GWP impact of different competing 
treatment strategies.     
Table- 7.6 presents the RUG Factor (RUGF) assessment outcome of the five competing 
treatment strategies. The RUGF calculation excluded heat island effect (HIE) GWP because 
of the rural environment of the highway section. Material Factor (MF) presents the GWP 
impact of the rehabilitation and periodic maintenance treatments as shown in Table- 7.5 
for different treatment strategies. The variation of MF values is due to different GWP 
impacts of different treatment types as indicated in Table- 6.2. 50 years life cycle fuel 
consumption GWP (FC) and tyre consumption GWP (TW) of the vehicle fleets for the five 
treatment strategies are assessed for their respective average roughness condition 
(NRM/IR) prediction shown in Figure- 7.1 and Table- 7.5. The average annual daily traffic 
(AADT) for the 50 years life cycle is 16,676. Traffic composition of different vehicle groups is 
shown in Table- 7.4. Other input data are available from Chapter- 6. These are emission 
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levels (g/km CO2) of different vehicle groups from Table- 6.6, vehicle fuel consumption 
increase with road roughness (FCI) from Table- 6.11, life cycle non-use phase GWP impact 
of different vehicle tyres from Table- 6.13, tyre wear increase with road roughness and the 
baseline condition from Table- 6.14, and number of tyres for different vehicle types from 
Table- 6.15.  Albedo impact is considered for the improvements during different phases of 
treatments under each treatment strategy based on current albedo level. The typical 
average albedo value of 0.1 for asphalt concrete surfacing and 0.15 for sprayed seal surface 
stated in Table- 6.16 are used in this analysis. The existing pavement section has an asphalt 
surfacing constructed in 2001. At the new state, the albedo could be at the lowest of 0.05, 
which should have been increased to the average level of 0.1 after 14 years of construction. 
This assumption is based on a general life expectancy of asphalt concrete surfacing of 15 
years. Due to the improvement of albedo level, the GWP contribution of road surface 
reduces as the increased radiative forcing (RF) offsets CO2, i.e. it has a positive impact on 
RUGF with reduced level of GWP; while GWP impact of heat island effect (HIE) is not 
considered for RUGF assessment because of rural environment of the road section.  
The RUGF values  presented in Table- 7.6 shows that the best NPV based  treatment  
strategy  Rehab_A-2 is placed in 3rd. position based on its 50 years life cycle GWP impact 
level, while the 2nd. best NPV based treatment strategy Rehab_A-4 is placed in 5th. position 
based on the GWP impact level. The third best NPV based treatment strategy Rehab_A-5 
became the best option from GWP impact level. Figure- 7.2 shows the relative position of 
different treatment strategy based on NPV and RUGF. As seen in Table- 7.6 the GWP 
difference between Rehab_A-5 and Rehab_A-2 is 17,811 ton CO2, and between Rehab_A-5 
and Rehab_A-4 is 24, 519 ton CO2 for a single km road section of 2 lanes. These are very 
significant level of differences. With these levels of GWP impact differences, it can be 
assumed that Rehab_A-2 and Rehab_A-4 may not sustain as the best and 2nd. best option 
treatment strategies as found from NPV outcome if sustainability issues are considered in 
the decision process. This aspect will be discussed further in Chapter- 8.  
It is seen that fuel consumption related GWP is the principal cause of GWP impact of road 
use. Assessment of the FC values in Table- 7.6 shows that for all the treatment strategies it 
contributes around 98% GWP to the RUG Factor. The pie chart in Figure- 7.3 shows the 
GWP shares of four major environmental components- material (MF), fuel consumption 
(FC), tyre wear (TW) and radiative forcing (RF) of the best RUGF treatment strategy 
Rehab_A-5. It is seen that the next contributing factor is tyre wear, which is closely followed 
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by material factor. The two highest contributing factors, FC and TW, comprises more than 
99% of the GWP impact and both are impacted by the roughness condition of the 
pavement. Therefore, setting corporate roughness trigger for developing maintenance 
program seems very important to minimise the GWP impact of road use. The material GWP 
impact is less than 1%. The routine maintenance GWP is not included in this assessment, 
though that would have a very little impact and unlikely to make the material GWP share 
above 1% under a good regime of road maintenance management. However, inclusion of 
new construction or reconstruction activity in an assessment, substantial level of 
maintenance needs, inclusion of traffic congestion and detour components during road 
works in the assessment, use of greater portion of new materials and long haulage distance 
of the materials would increase the share of the material component significantly. Albedo 
impact is insignificant for an existing road for the bituminous type of pavement under this 
study, which can be different with a different type of treatment such as brighter concrete 
surfacing. Again, albedo can raise the overall RUGF level if a new bituminous road is 
constructed on a Greenfield, since Greenfield has a lower albedo than a blackish 
bituminous pavement surfacing (Figure- 2.4). This study primarily excludes vehicle repair 
and maintenance related GWP impact due to road roughness effect and pavement 
structural strength related GWP impact for reasons explained in Section 5.3.2.3 and 5.3.3 
respectively. Future inclusion of these factors would increase the RUGF levels considerably. 
As a result, the road agencies need to focus on the road smoothness condition for 
environmental impact management. The traditional focus on material related 
environmental management cannot give sustainable road asset management.  
This exercise confirms the Stage-IV validation of the proposed indicator ‘RUG Factor’ by 
comparing different life cycle road treatment strategies for their use phase GWP impact 
assessments. It further confirms the Stage- III validation done in Chapter- 6 that all the data, 
parameter and tools sourced and identified for the new indicator satisfies the Stage- IV 
validation process.  
In addition, this exercise shows the scope of multiple life cycle scenario assessments using 
one or a few treatment options for optimised strategy selection in terms of timing of 
treatments, choice of periodic maintenance resurfacings, and road use GWP impact 
assessment of the economically qualified treatment strategies in terms of NPV values. The 
use of same Rehab_A treatment shows a great variation of GWP impacts despite little 
difference of the NPV outcomes.  
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Another case study involving different rehabilitation types along with the best NPV based 
outcome of this exercise (Rehab_A-2) is presented in the following section. In addition to 
further Stage-IV level validation it will show the GWP impact of different rehabilitation 
options to understand the need of sustainable road asset management practice.   
Table 7-5: 50 years life cycle conventional 5 different treatment strategies with full-depth 
asphalt as the only rehabilitation option (Ch. 36-37km). 
Year 
Treatment Strategies 
(1) (2) (3) (4) (5) 
Rehab_A-1 Rehab_A-2 Rehab_A-3 Rehab_A-4 Rehab_A-5 
Treatments 
2015/2016           
2024/2025         COR+S 
2025/2026 45AC14   COR+S     
2029/2030   COR+45AC14       
2030/2031     45AC14     
2032/2033       Rehab_A COR+45AC14 
2040/2041 Rehab_A Rehab_A Rehab_A     
2042/2043         Rehab_A 
2046/2047       45AC14   
2054/2055 45AC14 45AC14 45AC14     
2056/2057         45AC14 
2062/2063       Rehab_A   
2064/2065           
Average AADT 16,676 
Average Road Roughness of the 50 years life cycle 
NRM, Counts/km 53.27 50.28 48.59 52.02 45.42 
IRI, m/km 2.06 1.95 1.88 2.01 1.76 
Economic Indicators (Figures in A$) 
Total Cost 2,137,518 2,237,863 2,297,569 2,901,948 2,397,914 
Discounted Benefit  25,276 53,708 37,548 43,600 42,848 
Discounted Cost  7,347 135 32,872 2,775 21,178 
BCR  3.44 397.1 1.14 15.71 2.02 
NPV  17,929 53,573 4,676 40,825 21,670 
RANKING by NPV 4 1 5 2 3 
RANKING by BCR 3 1 5 2 4 
Note: List of Abbreviations and Section- 6.3 give details on legends used here. 
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Figure 7-1: Average life cycle roughness (IRI, m/km) of different full-depth asphalt based 
treatment strategies (Ch. 36-37km). 
Table 7-6: 50 years life cycle RUG Factor (Total GWP, Ton CO2) of 5 different treatment 
strategies with full-depth asphalt as the only rehabilitation option (Ch. 36-37km). 
Treatment 
Strategies 
Material 
Factor 
(MF) 
Fuel 
Consumption 
Factor (FC) 
Tyre 
Wear 
Factor 
(TW) 
Albedo Factor RUG 
FACTOR 
(RUGF)  
Ranking 
Radiative 
Fording 
(RF) 
Heat 
Island 
Effect (HIE) 
GWP, Ton CO2 
Rehab_A-1 551      101,736    1,304  - -      103,591  5 
Rehab_A-2 588    90,890 1,165  - - 92,643  3 
Rehab_A-3 613    84,774 1,087  32 3    86,441  2 
Rehab_A-4 903      97,201 1,246  - -      99,350  4 
Rehab_A-5 650         73,275    939  32 3        74,832  1 
GWP for RF is deducted from RUGF assessment for improved albedo 
Heat Island Effect (HIE) excluded from Total GWP due to rural area 
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Figure 7-2: Comparative presentation of 5 different 50 years treatment strategies for NPV 
and RUGF values (In descending order with 5 for the highest ranking and 1 for the lowest 
ranking), Ch. 36-37km.    
 
  
 
Figure 7-3:  Pie chart showing four major GWP components of the RUG Factor for one of 
the best treatment strategies, Rehab_A-5 (Ch. 36-37km). 
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Figure 7-4: Bar diagram showing the highest GWP component of the RUG Factor- ‘fuel 
consumption factor (FC)’ of the five competing treatment strategies (Ch. 36-37km).  
7.2.1.2  Different Rehabilitation Option Prioritization 
The SCENARIO analysis outcome for treatment strategies based on different rehabilitation 
types is presented in Table- 7.7. Here, the best NPV outcome Rehab_A-2 for the full-depth 
asphalt only rehabilitation analysis, described in Section 7.2.1.1, is compared with 
treatment strategies based on different other rehabilitation types. The treatment strategies 
based on the other rehabilitation type included in Table- 7.7 may not be the best possible 
economic one for the particular rehabilitation type, because no detail analysis similar to the 
full depth asphalt type is done. However, multiple SCENARIO analysis is done to pick the 
most suitable one based on economic indicators.  
The four other treatment strategies created on four other rehabilitation types are: granular 
rehabilitation with sprayed seal surfacing (REHAB_GS), granular rehabilitation with asphalt 
surfacing (REHAB_GA), foam bitumen rehabilitation with sprayed seal surfacing 
(REHAB_FBS), foam bitumen rehabilitation with asphalt surfacing (REHAB_FBA). The 
periodic maintenance works included are different for different treatment strategies as 
optimized by the SCENARIO.  
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Table 7-7: 50 years life cycle RUG Factor (Total GWP, Ton CO2) of 5 different treatment 
strategies based on different rehabilitation options (Ch. 36-37km). 
 
 
       Year 
Treatment Strategies 
(1) (2) (3) (4) (5) 
Rehab_GS Rehab_GA Rehab_FBS Rehab_FBA Rehab_A-2 
Treatments 
2015/2016           
2022/2023   45AC14   45AC14   
2024/2025 COR+45AC14         
2025/2026     COR+45AC14     
2026/2027           
2029/2030         COR+45AC14 
2031/2032           
2036/2037 Rehab_GS Rehab_GA       
2037/2038     Rehab_FBS Rehab_FBA   
2040/2041         Rehab_A 
2041/2042           
2046/2047 COR+45AC14         
2047/2048     COR+45AC14     
2050/2051   45AC14       
2051/2052       45AC14   
2054/2055         45AC14 
2056/2057 45AC14         
2062/2063     45AC14     
2064/2065           
AVG AADT 
 
                  16676     
Average Roughness 
NRM, Counts/km 51.63 56.31 50.90 54.91 50.28 
IRI, m/km 2.00 2.17 1.97 2.12 1.95 
Economic Indicators (Figures in A$) 
Total Cost    1,998,365 1,623,180      2,110,650   1,722,080     2,237,863  
Discounted Benefit       39,712         8,524     46,508     13,440      53,708  
Discounted Cost      21,033      1,096         2,443     11,076     135  
BCR  1.89 7.78 19.04 1.21 397.10 
NPV     18,679        7,428      44,065       2,364   53,573  
RANKING by NPV 4 5 2 6 1 
RANKING by BCR 5 4 2 6 1 
Note: List of Abbreviations and Section- 6.3 give details on legends used here. 
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Table 7-8:  50 years life cycle RUG Factor (Total GWP, Ton CO2) of 5 different treatment 
strategies with different rehabilitation options (Ch. 36-37km). 
Treatment 
Options 
Material 
Factor 
(MF) 
Fuel 
Consumption 
Factor (FC) 
Tyre 
Wear 
Factor 
(TW) 
Albedo Factor RUG FACTOR, 
GWP  
(Ton CO2) 
Ranking 
Radiative 
Fording 
(RF) 
Heat 
Island 
Effect 
(HIE) 
Rehab_GS 370 95,801 1,228 32 3 97,367 3 
Rehab_GA 274 112,778 1,446 - - 114,498 5 
Rehab_FBS 494 93,160 1,194 32 3 94,816 2 
Rehab_FBA 398 107,699 1,380 - - 109,478 4 
Rehab_A-2 588 90,890 1,165 - - 92,643 1 
GWP for RF is deducted from RUGF assessment for improved albedo 
Heat Island Effect (HIE) excluded from Total GWP due to rural area 
 
 
Figure 7-5: Material factor (MF) comparison of 5 different 50 years treatment strategies 
based on 5 different rehabilitation options (Ch. 36-37km). 
The comparative assessment presented in Table- 7.7 shows that the full-depth asphalt 
rehabilitation treatment strategy Rehab_A-2 remains the best one with the highest NPV 
value of A$53,573. This is followed by Rehab_FBS with a strong NPV value of A$44,065. It is 
worth noting that in addition to NPV, sometimes BCR is also considered for treatment 
optimization. For example, Rehab_GS has a higher NPV ranking than the Rehab_GA, but the 
BCR ranking is otherwise. It is seen that despite a better NPV the road agency may not 
consider the Rehab_GS option because of its significantly higher discounted cost than the 
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Rehab_GA. The benefit stream does not have a direct impact to the agency, and it may vary 
over the course of the time considerably due to changes of users’ cost. For example, the 
drastic fall of fuel price is likely to alter the projected economic benefit of many projects.  
The RUGF analysis presented in Table- 7.8 shows that the Rehab_A-2 remains the best 
(Rank-1) one from life cycle emission level- RUGF, which is 92,643 ton CO2. The Rehab_FBS 
also maintains its second best ranking with a life cycle RUGF of 94,816 ton CO2. The 
competitive values of NPV ($53,573 for Rehab_A-2 and $44,065 for Rehab_FBS) and RUGF 
may lead to the selection of either of the treatment strategies as there are corporate, 
industry and socio-political aspects that generally influence the decision making process.  
The GWP impact of material factor (MF) of different treatment strategies is presented in 
Figure- 7.5. It is seen that the best option Rehab_A-2 has a MF value of 588 ton CO2, which 
is 19% more than the second best option Rehab_FBS having a MF value of 494 ton CO2. 
Therefore, the exclusion of the use phase environment components FC, TW and RF places 
Rehab_FBS as a better option than the Rehab_A-2 from sustainability consideration. From 
this viewpoint, the best treatment strategy is Rehab_GA with a MF value of 274 ton CO2, 
which is less than half of the best overall option Rehab_A-2. The Rehab_GA is definitely the 
best one for attaining sustainability based on present generation road environmental 
indicators that address mostly the construction phase (here construction activities for 
maintenance/rehabilitation works during the use phase) of a road project as discussed in 
Section 4.5.1. However, Table- 7.8 shows that the RUGF value 114,498 ton CO2 of 
Rehab_GA ranked it in 5th position out of the 5 treatment strategies. The RUGF difference 
between Rehab_A-2 and Rehab_GA is 21,855 ton CO2, which is very high for 2 lane-km 
road. It is, therefore, evident that the use phase of a road is the most important area of 
concern from GWP impact point of view, and without addressing this phase sustainable 
road asset management is unlikely to be attained. This finding strengthens the importance 
of RUG Factor as a road environmental indicator that addresses whole of life aspect of a 
road.      
The other important outcome of the exercise in this section is that, traditional economic 
indicator based PMS may deliver a treatment strategy that can mislead the decision maker 
as the best one from life cycle emission level too. For example, the Rehab_A-2 has been 
identified as the best treatment strategy from both NPV and RUGF outcomes in this 
different rehabilitation type analysis. However, the analysis in the previous Section (7.2.1.1) 
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shows that despite having the highest NPV among the five different Rehab_A options, the 
Rehab_A-2 is ranked in the 3rd. position from RUGF outcome. It has a significant 17,811 ton 
CO2 more life cycle emission than the best ranked RUGF Rehab_A-5 treatment strategy. 
This finding signifies the need of a delicate comparative RUGF based life cycle analysis to 
get the best possible outcome since the apparent best treatment strategy from the 
conventional approach may not deliver the best sustainable solution.  
7.2.2 46-47 km Assessment (Case Study- 2) 
The section 46-47km data is studied by SCENARIO pavement management tool following 
the same procedure as of section 36-37km in Section- 7.2.1. This section has a different and 
poorer pavement configuration, as detailed in Table- 7.1 and Table- 7.2, than the 36-37km 
section. So, doing a life cycle assessment (LCA) of 50 years would be interesting to compare 
the findings with that of 36-37km section as both have the same traffic levels. In addition, 
20 years LCA is done considering industry practice of mid-term program analysis as a more 
practical approach of planning and funding management. Therefore, a comparison between 
20 years LCA with 50 years LCA would be helpful to find the differences.  
7.2.2.1  50 Years Life Cycle Analysis 
The SCENARIO analysis outcome for 50 years life cycle treatment strategies based on 
different rehabilitation types of section 46-47km is presented in Table- 7.9. The relative 
poor condition of the pavement section requires rehabilitation treatment in the early years.  
Here the best NPV outcome is cement stabilized rehabilitation with sprayed seal surfacing 
(Rehab_SS) with a NPV of A$ 1,541,436. This is closely followed by Rehab_GS and 
Rehab_FBS having a NPV of A$ 1,521,685 and 1,457,322 respectively. It is seen that these 
three strategies are the least expensive from total cost (undiscounted) figures, with less 
than half of the three other strategies involving asphalting surface. The discounted cost 
figures of the treatment strategies have also the similar trend. As a result, they turned out 
the best three from economic indicators despite higher user costs due to higher average 
roughness levels. The average life cycle roughness levels of different treatment strategies 
shown in Figure- 7.7 differentiate the GWP for fuel, tyre and material consumptions.  
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Table 7-9: 50 years life cycle conventional 6 different treatment strategies based on 
different rehabilitation options (Ch.46-47km). 
Year 
Treatment Strategies 
Treatment-1 Treatment-2 Treatment-3 Treatment-4 Treatment-5 Treatment-6 
Rehab_SS Rehab_GS Rehab_GA Rehab_FBS Rehab_FBA Rehab_A 
Treatments 
2015/2016 
2018/2019 Rehab_SS Rehab_GS Rehab_GA Rehab_FBS 
2020/2021      COR+45AC14 
2022/2023     Rehab_FBA  
2031/2032 CoR+S Rehab_A 
2032/2033 45AC14 
2035/2036 COR+S 
2036/2037 COR+S 45AC14 
2045/2046 45AC14 
2048/2049 Rehab-A 
2049/2050 
2050/2051 Rehab-FBS Rehab-FBS 
2051/2052 Rehab-FBS Rehab-A 
2052/2053       
2061/2062 Rehab-A 
2062/2063 45AC14 
2064/2065 
AVG AADT 16,676 
Average Roughness 
NRM, Counts/km 66.60 65.86 59.03 64.95 59.94 57.83 
IRI, m/km 2.56 2.53 2.28 2.50 2.31 2.23 
Economic Indicators (Figures in A$) 
Total Cost 1,215,404 1,285,718 2,632,336 1,391,917 2,363,923 3,213,699 
Discounted 
Benefit  1,832,260 1,860,860 1,929,164 1,880,628 1,876,324 1,928,084 
Discounted Cost  290,824 339,175 650,016 423,306 531,828 690,117 
BCR  6.3 5.49 2.97 4.44 3.53 2.79 
NPV  1,541,436 1,521,685 1,279,148 1,457,322 1,344,496 1,237,967 
RANKING by NPV 1 2 5 3 4 6 
RANKING by BCR 1 2 5 3 4 6 
Note: List of Abbreviations and Section- 6.3 give details on legends used here. 
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Table 7-10: 50 years life cycle RUG Factor (Total GWP, Ton CO2) of 6 different treatment 
strategies based on different rehabilitation options (Ch.46-47km). 
Treatment 
Options 
Material 
Factor 
(MF) 
Fuel 
Consumption 
Factor (FC) 
Tyre 
Wear 
Factor 
(TW) 
Albedo Factor RUG FACTOR, 
GWP  
(Ton CO2) 
Ranking 
Radiative 
Fording 
(RF) 
Heat 
Island 
Effect 
(HIE) 
Rehab_SS 464 150,112 1,924 127.5 12.13 152,372 6 
Rehab_GS 379 147,427 1,890 127.5 12.13 149,569 5 
Rehab_GA 693 122,659 1,572 - - 124,924 2 
Rehab_FBS 503 144,126 1,847 127.5 12.13 146,349 4 
Rehab_FBA 817 125,960 1,615 -  128,391 3 
Rehab_A 903 118,291 1,516 -  120,711 1 
GWP for RF is deducted from RUGF assessment for improved albedo 
Heat Island Effect (HIE) excluded from Total GWP due to rural area 
 
 
 
Figure 7-6: Comparative presentation of 6 different 50 years treatment strategies for NPV 
and RUGF values (In descending order with 6 for the highest ranking and 1 for the lowest 
ranking), Ch. 46-47km.    
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Figure 7-7: Life cycle average roughness levels (IRI) of different treatment strategies, 
 Ch. 46-47km. 
The discount rate of 7% is fixed for all the analysis under this study. It is seen that the 
discounted benefits of these three strategies are very close and in reverse order with 
Rehab_FBS > Rehab_GS > Rehab_SS = A$ 1,880,628 > A$ 1,860,860 > 1,832,260. However, 
the discounted costs are more aggressive and in the same order with Rehab_FBS > 
Rehab_GS > Rehab_SS = A$ 423,306 > A$ 339,175 > 290,824. It ends up with a BCR of 
Rehab_FBS < Rehab_GS < Rehab_SS = 4.44 < 5.49 < 6.3. Therefore, from the road agency 
viewpoint, any of these three competitive strategies can be picked up for implementation 
considering other corporate requirements. There is no apparent reason for the 
conventional PMS to consider any of the other three strategies, Rehab_A, Rehab_GA and 
Rehab_FBA, for their very high cost involvement over the life cycle.  
Table- 7.10 presents the use phase GWP impacts of the treatment strategies. It is seen that 
the best NPV strategies perform poorly with Rehab_SS, Rehab_GS and Rehab_FBS ranked 
6th, 5th and 4th respectively out of the six strategies. Figure- 7.6 presents the findings with 
tallest bar for the Rank 1 and shortest bar for the Rank 6 for better understanding of the 
contrasting outcome. It shows that the better the NPV ranking the worse the RUGF ranking. 
The 50 years life cycle GWP difference of the 1st NPV selection (6th RUGF selection) 
Rehab_SS with the 6th NPV selection (1st RUGF selection) Rehab_A is a huge figure of 31,661 
ton CO2 for 2 lane-km of road. This indicates the very poor acceptance of the best NPV 
selection Rehab_SS as a sustainable option of road asset management.  
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The findings of this analysis are presented below.  
 Conventional PMS has significant limitation in addressing the impact of life cycle road 
conditions on global warming phenomena.  
 The conventional approach of road users cost computation in terms of fuel and other 
consumptions for economic prioritization cannot tradeoff the need of GWP impact 
assessment of road projects. 
 The conventional approach of environmental assessment as an adjustment through 
economic indicators (NPV, BCR) cannot supplement the need of GWP impact 
assessment of road projects. 
 There may be very significant gap in delivering sustainable road networks based on 
conventional PMS without weighting the life cycle GWP impact assessment of 
alternative treatment strategies based on relevant scientific development and industry 
capability.  
 The NPV and RUGF analysis of section 36-37km and 46-47km indicate that the present 
condition of the road has a significant influence on NPV/BCR and life cycle 
environmental assessments and the consequent decision making process. A good 
condition road may end up with a less competitive treatment strategy because of 
delayed interventional treatment needs and the imposition of the discount rate in the 
economic analysis. As a result, the decision making scenario seems easier for the poor 
condition ‘46-47km’ section than the better condition ‘36-37km’ section. Therefore, the 
LCA should be carried out annually based on updated road conditions. It needs 
integration of LCA with the conventional PMS that road agencies generally run every 
year based on economic indicators.  
 The gradual improvement of RUG Factor assessment with the addition of other 
components such as pavement structural impact, traffic congestion impact, lighting and 
signal impact, vehicle repair and maintenance impact, passenger comfort impact etc. 
would further exhibit the limitation of the conventional PMS in addressing the GWP 
issues of road projects and hence delivery of sustainable road networks.  
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7.2.2.2  20 Years Life Cycle Analysis 
The SCENARIO analysis outcome for 20 years life cycle treatment strategies based on 
different rehabilitation options of section 46-47km is presented in Table- 7.11. It is seen 
that the rehabilitation and maintenance treatments for 50 years assessment have been 
replicated within the period of first 20 years to 2034/2035.  
Table- 7.11 shows that the competing treatment strategies have almost similar discounted 
benefits but have differing discounted costs. Comparing with the 50 years analysis 
discussed in Section 7.2.2.1, it is seen that the treatment strategy Rehab_SS, Rehab_GS and 
Rehab-FBS remains as the 1st, 2nd and 3rd best strategies based on NPV and BCR outcomes. 
Similarly, the other three strategies remain in the last three positions with a little change 
between the last two strategies. The Rehab_GA and Rehab_A which have 5th and 6th ranks 
respectively in 50 years economic (NPV) analysis swap their position in the 20 years 
analysis.  
The GWP findings presented in Table- 7.12 shows that NPV based ranking in Table- 7.11 are 
reversed. Figure- 7.8, which presents the findings with tallest bar for the Rank 1 and 
shortest bar for the Rank 6,  shows that except a minor variation in case of Rehab_GA the 
higher the NPV the lower the RUGF. As a result, Rehab_SS comes as the least favoured from 
RUGF value, while the Rehab_A comes as the most favoured. The best RUGF strategies 
Rehab_A and Rehab_GA contribute respectively 14,317 ton and 10,896 ton less CO2 than 
the best NPV Rehab_SS strategy. The NPV of Rehab_A and Rehab_GA are respectively 
$29,710 and $17,371. Therefore, Rehab_ A has dominance over Rehab_GA. However, the 
NPVs of Rehab-A and Rehab_GA are significantly less than the high GWP contributing 
Rehab_SS and Rehab_GS treatment strategies, which have NPV values of $177,842 and 
$171,815 respectively. This is obviously a difficult situation for effective trade-off between 
NPV and GWP values to derive a confident strategy selection by the road agency.  
Table- 7.13 presents statistical analysis for standard deviation, mean value and coefficient 
of variation (CV) of NPV and RUGF values for both the 20 years and 50 years analysis of 46-
47km section. It is seen that the CV of NPV and RUGF for the 50 years analysis are similar, 
8.37% and 9.26% respectively. On the other hand, these are considerably different for the 
20 years analysis, 69.08% and 10.65% respectively. These data are not of the same variable, 
so it seems irrelevant in assessing CV. However, the significance lies with the scope of doing 
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the exercise, and the variable is time. A longer time allows any treatment stream to be 
settled with all the internal and external impact factors. A treatment improves the 
pavement conditions, leads to a smoother surface and hence reduction of roughness 
induced GWP for fuel, tyre and other material consumptions. The delay the treatment (say 
X years) the more the GWP contribution before the treatment, and hence lower the benefit 
of reduced GWP contribution after the treatment if the remaining life (20 – X years) is 
short. In reality the benefit will be gained, but will be excluded from the assessment guided 
by a time for multi options comparative assessment. Such complexity reduces with a longer 
period analysis (say 50 years).  
The high CV of NPV for the 20 years study is due to this complexity despite their very high 
level of similarity in NPV and RUGF ranking for both the 20 years and 50 years life 
assessment. The similarity is further confirmed through the close CV values of the 20 years 
and 50 years RUGF assessments, 10.65% and 9.26% respectively. The RUGF assessment 
does not subject to any discount factor as in NPV assessment. As a result, the RUGF values 
do not differ from each other very widely because of a good corporate regime of treatment 
inbuilt in the PMS that does not allow roughness over a certain threshold level. The findings 
indicate that a longer life cycle may be important for a better GWP scenario of the 
alternative treatment strategies. Therefore, despite the general corporate need of medium 
term (say 20 years) analysis for prioritising work program from planning and funding 
perspectives, it needs to be validated with a separate long term (say 50 years) analysis to 
ensure the best treatment strategy and timing for attaining sustainability. This is further 
explained in Section- 7.3.  
In consequence of the statistical analysis above, a further review of the findings of 50 years 
analysis presented in Section 7.2.2.1 is important for taking decision from the shorter 20 
years analysis findings. Table-7.14 shows that the promising Rehab_A and Rehab_GA 
strategies are competitive in both the 20 years and 50 years analysis. As a result, the road 
agency can pick either of the two treatment strategies for implementation. However, a 
suitable amalgamation of the economic and environmental indicators, NPV and RUGF, 
would be helpful for a confident decision-making. Chapter- 8 presents analysis and findings 
for merger of different road indicators of sustainability.  
The share analysis of different life cycle environmental components presented in the pie 
chart in Figure- 7.9 shows that the fuel consumption (FC) is always the dominant factor for 
life cycle GWP impact levels. The tyre wear (TW) does not vary significantly and depends on 
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the average roughness condition.  There may be minor variation in the material component 
(MF). It depends on the timing of rehabilitation type works need. If the condition of the 
pavement is relatively poor and there is a need of rehabilitation in the earlier years, then 
the share of MF would increase in case of medium term assessment in comparison to the 
long term assessment. For this reason, the MF raised to 1.29% (Figure- 7.9) from 0.87% 
(Figure- 7.3).  
Table 7-11: 20 years life cycle conventional 6 different treatment strategies based on 
different rehabilitation options (Ch.46-47km). 
Year 
Treatment Strategies 
Treatment-1 Treatment-2 Treatment-3 Treatment-4 Treatment-5 Treatment-6 
Rehab_SS Rehab_GS Rehab_GA Rehab_FBS Rehab_FBA Rehab_A 
Treatments 
2015/2016 
2018/2019 Rehab_SS Rehab_GS Rehab_GA Rehab_FBS 
2020/2021 COR+45AC14 
2022/2023 Rehab_FBA 
2023/2024 
2031/2032 CoR+S Rehab_A 
2032/2033 45AC14 
2034/2035 
AVG AADT 
Average Roughness 
NRM, Counts/km 69.22 68.11 60.43 64.67 61.56 57.42 
IRI, m/km 2.66 2.62 2.33 2.49 2.37 2.22 
Economic Indicators (Figures in A$) 
Total Cost 572,633 491,572 1,050,439 597,771 782,026 1,631,802 
Discounted 
Benefit  420,128 445,336 496,160 472,020 459,892 488,672 
Discounted Cost  242,286 273,521 478,789 360,211 406,845 458,962 
BCR  1.73 1.63 1.04 1.31 1.13 1.06 
NPV  177,842 171,815 17,371 111,809 53,047 29,710 
RANKING by NPV 1 2 6 3 4 5 
RANKING by BCR 1 2 6 3 4 5 
Note: List of Abbreviations and Section- 6.3 give details on legends used here. 
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Table 7-12: 20 years life cycle RUG Factor (Total GWP, Ton CO2) of 6 different treatment 
strategies based on different rehabilitation options (Ch.46-47km). 
Treatment 
Options 
Material 
Factor 
(MF) 
Fuel 
Consumption 
Factor (FC) 
Tyre 
Wear 
Factor 
(TW) 
Albedo Factor RUG FACTOR, 
GWP  
(Ton CO2) 
Ranking 
Radiative 
Fording 
(RF) 
Heat 
Island 
Effect 
(HIE) 
Rehab-SS 243 53,955 638 51.0 4.85 54,784 6 
Rehab-GS 97 52,593 622 51.0 4.85 53,261 5 
Rehab-GA 208 43,170 510 - - 43,888 2 
Rehab-FBS 221 48,369 572 51.0 4.85 49,111 4 
Rehab-FBA 266 44,555 527 - - 45,348 3 
Rehab_A 522 39,479 467 - - 40,467 1 
GWP for RF is deducted from RUGF assessment for improved albedo 
Heat Island Effect (HIE) excluded from Total GWP due to rural area 
 
 
Figure 7-8: Comparison of 6 different 20 years treatment strategies for NPV and RUGF 
values (In descending order with 6 for the highest ranking and 1 for the lowest ranking), Ch. 
46-47km. 
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Table 7-13: Statistical assessment of 20 years and 50 years life cycle study of 46-47 km 
section for NPV and RUGF findings. 
Study 
Period 
NPV RUGF 
Standard 
Deviation 
(SD), A$ 
Mean, 
A$ 
Coefficient of 
Variation 
(SD/Mean), 
% 
Standard 
Deviation 
(SD), 
ton CO2 
Mean, 
ton CO2 
Coefficient 
of Variation 
(SD/Mean), 
% 
20 Years 64,657 93,599 69.08 5,089 47,810 10.65 
50 Years 116,893 1,397,009 8.37 12,695 137,053 9.26 
 
Table 7-14: Comparison of Rehab_A and Rehab_GA treatment strategies based on 20 years 
and 50 years study findings. 
Treatment Strategy 20 Years Study 50 Years Study 
NPV, A$ RUGF, ton CO2 NPV, A$ RUGF, ton CO2 
Rehab_A 29,710 40,467 1,237,967 120,711 
Rehab_GA 17,371 43,888 1,279,148 124,924 
Rehab_A/Rehab_GA 171% 92% 97% 97% 
Rehab_A - RehabGA (+) 12,339 (-) 3,421 (-) 41,181 (-) 4,213 
 
 
Figure 7-9: Pie chart showing three major GWP components of the RUG Factor for the best 
20 years life cycle treatment strategy, Rehab_A (Ch. 46-47km). 
1.29%
97.56%
1.15%
MF FC TW
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7.3 Road LCA Analysis Period 
Life cycle GWP impacts of road treatment strategies for a medium term of 20 years 
discussed in the previous Section (7.2.2.2) show that a shorter life cycle may not provide 
complete GWP impact assessments of some of the treatment strategies due to timing 
effect of a treatment. As a result, in the case of corporate needs of short or medium term 
life cycle study, a long-term study is also required as a supplement for better decision 
making. This is important for the general perpetual nature of road infrastructure. The road 
networks of many road agencies are almost matured with less new construction works, but 
constant needs of maintenance and rehabilitation works for keeping serviceability as per 
set corporate standard. The many thousand road sections under a network have varying 
conditions and traffic levels, and accordingly varying needs of intervention treatments. In a 
particular year, the network level life cycle assessment requires some of the sections to be 
rehabilitated immediately, while others may be delayed by 20 years or even more based on 
optimised treatment strategy. Therefore, for a better spread of impacts of road works for 
road sections of varying conditions and traffic levels a longer life cycle analysis period is 
required. This scenario is explained below based on the life cycle roughness regime of two 
comparative treatment strategies shown in Figure- 7.10.  
Section 7.2.1.1 presents the NPV and GWP impact assessments of 5 treatment strategies 
for section 36-37km based on a single rehabilitation treatment ‘Rehab_A’ and different 
periodic maintenance options. The current good condition of an average roughness level of 
only 30 NRM counts/km (IRI of 1.18 m/km) allows a delayed rehabilitation treatment. The 
two very competitive treatment strategies, Rehab_A-2 and Rehab_A-4, are summarised in 
Table- 7.15 and studied for their life cycles over the 50 years analysis period. Figure- 7.10 
shows the roughness regime of the two treatment strategies. After the application of a 
treatment, the roughness level drops to a specific level set in the default PMS deterioration 
model for the particular treatment type, and then the roughness level gradually increases 
over the years until another treatment is done. It is seen that Rehab_A-2 strategy includes 1 
rehabilitation treatment (Rehab_A) and two periodic maintenance treatments. The first 
COR+45AC14 treatment in 2029/2030 helps delay the Rehab_A work until 2040/2041. 
Again, the second 45AC14 treatment in 2054/2055 push backs the second Rehab_A after 
the end of 50 years analysis in 2064/65, and hence not included in the strategy. However, 
the high roughness level in 2064-2065 (Blue lines) indicates the need of a treatment soon. 
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It  is seen that Rehab_A-2 treatment strategy includes nearly 2 life cycles of the road 
section over the 50 years analysis period (Figure- 7.10), where cycle- 1 is from 2015/2016 to 
2040/2041 and it includes one periodic maintenance treatment (COR+45AC14) and one 
rehabilitation treatment (Rehab_A).  The next cycle is from 2041/2042 to a year after 
2064/2065, and it includes one periodic maintenance treatment (45AC14) and predicts one 
rehabilitation treatment soon after the end of analysis period in 2064/2065. Again, the 
study of Rehab_A-4 treatment strategy shows that it also has almost 2 life cycles over the 
50 years analysis period with the first rehabilitation treatment (Rehab_A) in 2032/2033 and 
the second rehabilitation treatment (Rehab_A) in 2062/2063. However, the very close 
average life cycle roughness levels and other parameters as seen in Table- 7.15 indicate an 
almost equal footing for the two treatment strategies over the 50 years analysis period.  
The above discussion draws the following conclusions: 
a) A longer analysis period is important for getting better GWP impact assessments of 
alternative treatment strategies. 
b) A medium term analysis also gives decisive findings for GWP impact assessments of 
different treatment strategies, but an additional long life analysis provides 
important supplementary findings for better decision making.   
c) A period of 50 years considered for life cycle analysis of road projects or a road 
networks under this study is substantially validated. 
d) Over a longer analysis period, a road section likely to have more than one life cycle. 
It is, therefore, provides the scope for improvement of the road LCA system 
boundary model developed under this study at the primary stage (Figure- 2.6), and 
it is presented in the following Section (7.4).  
Table 7-15: Competitiveness of two treatment strategies, Rehab_A-2 and Rehab_A-4. 
Treatment 
Strategy 
Average roughness NPV, 
A$ 
RUGF 
(GWP) 
ton CO2 
NRM, 
Counts/km 
IRI, m/km 
Rehab_A-2 50.28 1.95 53,573 92,643 
Rehab_A-4 52.02 2.01 40,825 99,350 
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Rehab_A-2 
        C      R       O      
Rehab_A-4 
          R       O        R  
Treatment Symbols: Rehab_A = R,  45AC14 = O,  COR + 45AC14 = C 
 
Figure 7-10: The roughness regime over a 50 years life cycle analysis for two competitive 
treatment strategies, Reha_A-2 and Rehab_A-4 of section 36-37km. 
7.4  Road LCA System Boundary Model Review 
Infrastructure assets require two types of civil works programs. These are development or 
capital projects for a new infrastructure or major upgradation of an existing infrastructure, 
and maintenance program for managing existing infrastructure. For roads, the 
development project may involve one big infrastructure or a cluster of small 
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infrastructures, while the maintenance program usually involves a whole network or a part 
of the network. These two types of civil works essentially have two different aspects of life 
cycle assessment. This reality needs to be reflected in defining the LCA system boundary 
model for an effective and industry friendly life cycle GWP impact assessments.  
The road infrastructure in most of the developed countries has been substantially 
developed and there are more preservation & upgradation works rather than new 
constructions. In case of developing or under-developed countries, most of the major 
arterial roads have also been constructed, but may require upgrading with stronger 
pavement and road widening, may be with some realignment, for continuous serviceability. 
With the development of technology and stronger economy, many new roads are now 
being built with a stronger pavement that may have a longer design life. However, road 
maintenance involving routine and preventive treatments is a common need for all types of 
roads for their serviceability and economic return over the design life. As a result, review of 
the recent road LCA studies (Zhang et al., 2010, Yu and Lu, 2012, Ting et al., 2012) shows 
that there is a growing interest on LCA of road preservation works such as overlay.  
The discussion in the previous section (Section- 7.3) shows that during a life cycle analysis 
(LCA) period, a road section may require one or more rehabilitation and/or preventive 
maintenance works to keep its serviceability based on corporate maintenance standards. 
The number of interventional works depends on the length of the analysis period. 
Considering perpetual life of a road the length of the analysis period can be far more than 
the 50 years considered in this study, but that generally avoided due to complexity and 
uncertainties associated with such a distant prediction of road conditions, funding regime 
and socio-economic-technical perspectives. On the other hand, in real life often, there are 
needs of major improvements or restoration works before the expiry of the current LCA 
period. The emerging new work requires new LCA to proceed with the best possible 
sustainable option. Therefore, for a common analysis period of 50 years for every LCAs, 
there may be LCAs overlapping each other. As a new LCA starts with the present year as the 
first year, the process extends to 50+ years as long as the road services the community with 
recurrent LCAs.   
 
The above stated situation can be termed as a loop phenomenon instead of commonly 
understood cradle-to-grave phenomenon with an End-of-life (deconstruction) phase for 
LCA study. It indicates the de facto existence of interfaces between the cradle and the grave 
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phases. In this loop phenomenon, the reconstruction or strengthening (keeping existing 
pavement in full or partial based on structural assessment) of the old pavement can be 
deemed as a transition from the end-of-life phase to the construction phase. This means 
full or partial demolition of the old pavement for reconstruction or strengthening 
respectively with much of the materials from the old pavement recycled for the new 
pavement. As a result, an analysis period may involve one reconstruction/strengthening 
over a short period and the long gap periods of road use phase involving recurrent 
maintenance and one or two rehabilitation activities. Figure- 7.11 presents the stated 
perpetual loop phenomenon of a road life with two major phases- improvement phase and 
use phase.  
 
 
 
Figure 7-11:  Loop phenomenon of Road Life Cycle with two major phases; improvement 
phase and use phase. 
7.4.1 Modified Road LCA System Boundary Model 
 
A new road project or a major improvement project generally starts with a onetime 
construction phase, followed by a long use phase with necessary 
maintenance/rehabilitation activities. Once the road reaches to a condition that needs 
reconstruction for rejuvenating its serviceability, we can call that state as the end-of-life 
Road
Use Phase 
(Maintenance 
activities including 
Rehabilitation)
Improvement Phase 
(Construction/ 
reconstruction/ 
strengthening)
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phase. Formulation of a sustainable road development project, generally considers this 
philosophy for environmental LCA study. Based on this assumption, and the study findings 
in the previous section, the simplified road LCA system boundary presented in Figure- 2.6   
can be modified as illustrated in Figure - 7.12. The loop phenomenon is considered for the 
use and maintenance phases in this model.  
 
 
 
 
   
 
 
       
 
 
 
 
 
 
 
 
 
 
 
Figure 7-12: Modified road LCA system boundary model for development projects.  
The construction phase and the materials phase move together as soon as the construction 
of the project starts. However, the materials phase repeats many times with the 
maintenance phase during the use phase based on the asset maintenance management 
program in place. It can have different configurations. The routine maintenance is a regular 
activity, but its intensity depends on the implementation of the preventive maintenance 
program. Any delay in scheduled preventive maintenance works or applying weaker 
preventive maintenance works can lead to significant level of routine maintenance works to 
keep the road serviceable. As such, the need of onsite equipment including traffic 
management can be significant despite its identification as a low impact component in 
most of the LCA studies (Referring Section- 2.5.2 and Table-2.3). Considering this reality, the 
materials phase component “extraction and production” is proposed as “extraction, 
Use Phase 
 Rolling resistance 
 Albedo 
  lighting 
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 Traffic Congestion 
Maintenance Phase 
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production and laying”. It will cover all aspects of material processing from start to end 
until opening to traffic except all the transportation needs. The separate “transportation” 
component may include, not limited to, quarry/source to crushing plant, crushing plant to 
stockpile, stockpile to processing plant, and processing plant to worksite.  
 
The above-proposed inclusion of material laying or in-situ operation in the materials phase 
is important as it makes the LCA more holistic despite lesser impact of the individual 
component- ‘onsite equipment’. This will help in designing pavement configuration (layer 
composition) when different materials will be weighted for their total impact from 
quarrying to laying. The intensity of in-situ operation varies from material to material 
depending on layer thickness, layer position in the pavement matrix, properties like 
grading, unit weight, void ratio, moisture content, binder content and temperature; 
specified compaction requirement, availability of equipment and also seasonal parameters. 
Particularly for the maintenance phase the in-situ operation in patching, stabilisation, 
reshaping and milling & filling can be significant for the impact assessment of the materials 
phase, as these may also involve extraction and production activities onsite involving 
equipment. On the other hand, keeping the ‘traffic congestion’ as the single component 
under the construction and maintenance phases by taking out the ‘onsite equipment’ 
component would ensure better focus in managing traffic during construction activities. 
This is a strong possibility, because the expected better analysis of the “traffic congestion” 
component in LCA would give some direction for the construction engineer to develop 
traffic management plan with innovation or modification. There are often concerns like 
very conservative speed limits, continuation of same speed limits during after work hours, 
project delay, and improper consideration to detouring etc. in developing traffic 
management schemes for road works. Apart from higher emissions due to congestion, road 
works are becoming expensive due to higher traffic management cost and causing political 
frustration. This is manifested through the order of a new signage plan by the Premier of 
QLD in August 2014 to ensure safer, quicker and less frustrating motoring around road 
works (QG, 2014).  
 
The proposed Road LCA system boundary can be mathematically expressed as: 
 
MP1 + CP + ∑ (ࡹࡼ ࢑ + ࡹ࢔ࡼ࢑)࢔࢑ୀ૚  +  ∑ ࢁࡼ࢑࢔࢑ୀ૚  + EoLP ……………………..……. (Equation: 7-1) 
Here, 
MP1 = Materials phase during construction (One time for a LCA period of say 50 years) 
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CP = Construction phase (One time for a LCA period of say 50 years) 
MP2 = Materials phase related to the maintenance phase  
MnP = Maintenance phase 
UP = Use phase 
k = Period of time, preferably year, 1……..n 
EoLP = End of life phase (One time for a LCA period of say 50 years) 
The MP2 and MnP are combined, as the impacts are simultaneous for any particular 
maintenance activity or for a particular period of maintenance such as ‘Impact per year of 
service life’.  The impacts over the life cycle are integrated, where ‘n’ represents number of 
maintenance activities or number of maintenance periods (e.g. year) over the LCA analysis 
period depending on the LCA design. The ‘year’ parameter is required to include routine 
maintenance activities in the analysis.  
The impacts of use phase are likely to be variable over the LCA period and be summed up 
for assessment. The use phase impacts are dependent on the maintenance phase since the 
maintenance regime will dictate pavement roughness and stiffness as well as the albedo.  
Equation- 7.1 provides scoping for various length of life cycle analysis period to suit the 
need of a road agency. Road agencies usually consider a set of treatment works based on 
local conditions; and because of long age of the road industry in many countries road works 
type and methodologies have been standardised substantially. Standardisation of traffic 
loading across the industry and strict enforcement of laws to curb overloading has also 
been achieved in many countries. Furthermore, implementation of road asset management 
systems using road deterioration models calibrated for local conditions facilitates better 
road condition prediction. As a result, there are opportunities for shorter and longer life 
cycle assessments considering multiple loops of standardised treatment types. This may 
help industry delivers more sustainable road development and management programs 
based on national development planning and budgetary prediction. Therefore, the 
modified road LCA system boundary model can be considered as dynamic model, and its 
mathematical expression would have important impact in developing future generation 
pavement management systems that include life cycle emissions.  
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7.4.1.1 System Boundary Model Outcomes 
The proposed modified system boundary model tries to accommodate all the known 
phases of life of present day roads. Future practitioners and researchers would be able to 
conduct LCA of roads with a pragmatic presentation of modern roads. The impact of error 
for exclusion of the low impact environmental components would be minimal. However, 
inclusion of one or more of the excluded components can always be made if found 
important for a particular case. For example, if a low traffic concrete pavement is designed 
without any asphalt surfacing and a confirmed deconstruction after a certain period of use, 
then the ‘carbonation’ component may be included in the LCA. In this case, the low traffic 
level and stronger concrete pavement likely to have low impacts during the use and 
maintenance phases. As a result, the carbonation component becomes an important one 
from the holistic point of view. Such situation would be very rare to consider.  
Apart from LCA of development projects involving individual roads or road sections, the 
main strength of the developed system boundary model is its suitability for application in 
road network based analysis as part of the road asset management system. The exclusion 
of the ‘construction phase’ and the ‘end-of-life phase’ makes it suitable for the use of 
network-based assessment required for the development of a sustainable road 
maintenance program. The further modified model presented in Figure- 7.13 can carry out 
LCA for the development of a sustainable maintenance program or strategy for a defined 
analysis period of say 20 or 50 years. This model is a closed loop of use phase and materials 
phase bonded together by the maintenance phase.  Here, the materials phase includes the 
‘recycling’ component of the excluded end-of-life phase with an improvement as ‘reuse or 
recycling’ component. This is due to the need of rehabilitation works during the use phase 
and the general scope for the use of existing materials of the pavement in some 
rehabilitation options. The need of disposal of some unsuitable material, for reuse or 
recycle, from the existing pavement, if any, is also covered by the ‘transportation’ 
component.  
The proposed model is a reflection of the real life scenario of the pavement maintenance 
management systems (PMS) in practice by different road agencies. The roads included 
under the development program are generally excluded from the maintenance program 
and thus limits the scope of construction phase and end-of-life phase. The nature of 
rehabilitation works under PMS can rejuvenate structurally poor roads, and usually there 
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are scopes for improvement of the pavement foundation through different stabilisation 
techniques involving mostly existing pavement layers, may or may not be with the addition 
of some imported materials and additives, and a new surfacing. Hence, the construction or 
reconstruction and end-of-life or end-of-service phases are literally non-existent due to the 
need of in time interventions to continue the functionality of the road to the users. It is, 
therefore, regarded as a suitable LCA system boundary model towards the development of 
sustainable pavement management systems (S-PMS) to facilitate sustainable road network 
management.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-13: Modified road LCA system boundary model for development projects.  
7.5  Summary  
In this chapter, the developed indicator ‘RUG Factor (RUGF)’ is studied for the use phase 
GWP impact levels of different prospective treatment strategies based on a current PMS 
tool using updated road condition data, approved works standard, and GWP levels for 
different high impact environmental components. The findings indicate that there is a 
significant scope for review of the conventional treatment works for their RUGF because of 
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wide differences of life cycle GWP levels among the treatment strategies. An effective 
integration of the RUGF with the current indicators may therefore be helpful for its 
application in the pavement management system (PMS). The conventional PMS focusses on 
economic indicators such as NPV and BCR for delivering maintenance program. As a result, 
further study is important for a common framework that can read and assimilate the 
economic indicators, RUGF and other deciding indicators for achieving sustainability in road 
network development and management.   
This chapter also presents a dynamic road LCA system boundary model and its 
mathematical expression. The model focuses on the practical aspects of perpetual road life 
with repeated improvements and uses. It can be used for new road project developments 
as well as management of road networks with optimised life cycle emission management.  
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Chapter 8 : Global Warming Potential (GWP) in 
Road Works  
8.1: Introduction  
Sustainable road development and maintenance programming needs appropriate 
representation of indicators from the three dimensions of sustainability- environment, 
social wellbeing and economy. There are many factors of influence under each of the 
dimensions, which make it difficult to address sustainability in a coordinated approach. As a 
result, multi criteria analysis (MCA) is often considered as a suitable framework for 
sustainable decision-making. However, development of a holistic indicator having influence 
on a broader spectrum of sustainability can reduce the complexity significantly in the 
decision process. This chapter analyses different ratings schemes used at present for 
delivering sustainable infrastructure. The schemes include various issues that impact 
different dimensions of sustainability and allocate them certain weighting in a MCA 
process. It is envisaged that segregation of the issues for their relevant dimension can give 
a general picture of the demand for each dimension in the sustainability framework. The 
findings can be considered for addressing the indicators of each dimension towards the 
development of an inclusive indicator of greater penetration into the sustainability issues in 
general. The integration of CBA, RUGF and other important indicators would then be 
achieved to some extent towards a possible application in the S-PMS decision process.  
8.2: Rating Schemes Assessment   
This study reviewed three important all-infrastructure type sustainability rating schemes; IS 
(Australia), Envision (USA), and CEEQUAL (UK); to find various road environmental 
indicators as detailed in Chapter- 4. The IS and Envision schemes are developed on 
standalone perspective considering the respective country, and the CEEQUAL is for UK and 
the wider international needs. Again they are all-infrastructure type and focusing on big 
geographical contexts of some of the economically and technologically most advanced 
countries having established democratic political process to address public concerns. As a 
result, study of these schemes for their coverage to different dimensions of sustainably is 
likely to be less biased regarding region, type of infrastructure, socio-cultural aspects, 
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economic constraints, technological limitations, political leaderships and other relevant 
factors.  
8.2.1 Research Methodology 
The design phase versions of the schemes (IS, 2012, Envision, 2012, CEEQUAL, 2012) are 
studied by developing a comparative spread sheet. The Manuals of the schemes are 
collected for carrying out the study. Hypothetical projects are also studied using the 
schemes to facilitate their comparative assessment. 
The schemes have been developed based on different ‘themes’. The themes are divided 
into ‘sub-themes’, which are again divided into different ‘credit/issues’. This branching is 
similar for IS and Envision, while CEEQUAL differs from them as detailed in Figure- 8.1. 
Apart from the distribution shown in Figure- 8.1, IS has one Innovation credit under a 
separate theme, which Envision includes as sub-divided credits under the five different sub-
themes (categories). 
 
Figure 8-1 : General Structure of IS, Envision and CEEQUAL schemes. 
To carry out the analysis, the credits of IS and Envision and ‘questions’ of CEEQUAL are 
summarized separately for a weighted total score of 100. The weighted values are then 
considered for the comparative study. For a simplified assessment the maximum achievable 
score for each credit is considered for all the schemes. All the credits and questions are 
considered in this study, though ‘Scoping Out’ of some credits or questions is usual while 
assessing any project as applicable and agreed by the Assessor and the Verifier of the 
scheme. Equal consideration to all the schemes and the assumption of universal projects 
IS
5 Themes
14 Categories
51 Credits
Envision
5 Categories
14 Subcategories
55 Credits
CEEQUAL
12 Sections
54 Issues
226 Questions
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has led to this standardization, and this is the most practical approach for such type of 
comparative assessment.  
A spreadsheet is developed considering credits of the IS scheme as the base case. The IS is 
considered as the base case for its completeness i.e. availability for all phases of an 
infrastructure project for sustainability assessment. The credits of Envision and questions of 
CEEQUAL are then studied one-to-one to find the comparative ones and placed in the 
spreadsheet. It is a complicated study, and needed detail study including criteria for 
different levels of achievements, description and additional guidance. Some hypothetical 
projects are also created and studied, which has helped in placing comparable credits or 
questions as a secondary or tertiary level comparison. Multiple reviews are done for 
selecting each comparable credits/questions for their refinement. It is seen that some of 
the credits of one scheme do not match to any of the other schemes and this rendered 
some credits to stand alone for all the three schemes. After completion of the placement of 
all the credits/questions two more complete reviews are done to reduce possible miss-
comparison. Major findings of the study are presented in the following sections. 
8.2.2 Sustainability Consideration in the Schemes 
The primary interest about the rating schemes is there consideration to different 
dimensions of sustainability known as the triple-bottom-line. The findings of this research 
are presented in Figure-8.2 with weighting allocation for Environment, Social Wellbeing and 
Management areas. It shows almost equal and highest importance to the Environment 
dimension by all the three schemes with > 50% weighting. A similar study (Cui and Lu, 2011) 
on sustainability rating scheme for construction corporations (SRSCC) also identified higher 
coverage of indicators relating the Environment dimension than the other two dimensions. 
It showed that the SRSCC schemes meet approximately 43% of required indicators in case 
of the Environment dimension, while only 10-13% for the Social and the Economy 
dimensions.  
Figure- 8.2 also shows that the non-environment dimensions (Social Wellbeing and 
Management) get almost equal importance by the three schemes. However, CEEQUAL 
differs by giving a significantly higher weighting to the Social Wellbeing dimension, while IS 
and Envision allocate a little more weighting to the Management dimension than the Social 
Wellbeing dimension.  
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Figure 8-2 : Distribution of points for different Sustainability Dimensions. 
The Economy dimension of Sustainability is not considered directly by any of the schemes, 
but some Environment, Social and Management credits indirectly impart to the Economy 
dimension. This observation is strengthened by the following statement in Envision manual 
despite absence of any direct economy related credits in the rating scheme. 
Envision™’s purpose is to initiate a systemic change toward sustainability and therefore 
seeks to recognize the full spectrum of effort, from projects that take steps to improve 
upon the status quo, to projects that restore communities, environments and the 
economy (Envision, 2012). 
Shaw et al.  (2012b) commented on the less consideration to the economy dimension as, 
“The requirement for economically sustainable infrastructure projects is widely accepted, 
however, this knowledge has not been translated into the development of associated 
criteria for economic factors in the sustainability rating schemes.” 
The near absence of the economy dimension of sustainability from the rating schemes 
makes it difficult to identify the actual implication of the dimension in the triple-bottom-
line concept. It can be argued that the management dimension replaces the economy 
dimension with the assumption that good project management ensures good economy in 
project delivery. As economic assessment always governs project selection, so possible 
application of sustainability concept would expand the process as selecting the project 
option that is most sustainable but also one of the shortlisted best economic options as 
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well. Therefore, addition of common economic indicators in the list of credits may 
otherwise overemphasize the economy dimension or deviate the process from the 
universally accepted understanding on sustainability. As such, this study considers the 
management dimension as a proxy representative of the economy dimension to assess the 
respective weighting of the sustainability dimensions for developing an integrated road 
sustainability index.  
8.2.3 Weighting of Sustainability Dimensions 
The rating schemes are developed through systematic evolution of credits under different 
sustainability themes. As such, despite the possibility of some deviation at this primary 
stage of development of the schemes the representation of different dimensions of 
sustainability, as found from the assimilation of three popular schemes, can be considered 
reasonable. The findings of the scheme assessment presented in Figure- 8.2 has an average 
value of 54.89% for the environment, 23.82% for the social wellbeing and 21.29% for the 
management or assumed economy dimension. The study indicates that some of the credits 
have univocal aspects of addressing sustainable dimensions and as such would contribute 
to other dimensions too. A few examples are (a) Energy reduction opportunities, (b) Water 
saving opportunities, (c) Water use monitoring and reduction. As a result, there are scopes 
for simplifying the findings as 50%, 25% and 25% weightings respectively for the 
environment, society and economy dimensions. This weighting share contradicts with the 
conventional sustainability approach of equal footings i.e. 33% for each of the three 
dimensions. 
The above findings conceptually confirm the need of addressing the three dimensions of 
sustainability, which overlaps each other in a holistic approach as presented in Figure- 8.3 
(Todorov and Marinova, 2011). However, the weighting distribution of the rating schemes 
substantiate the Russian doll model (also known as Concentric ring or Egg model) of 
sustainable development (Figure- 8.4) originally proposed by Levett (1998) for the 
sustainability of infrastructure projects. This model implies that for sustainability the 
human society should live within the planet’s environment limit and that economy should 
meets the society’s need (Stanners et al., 2007). Based on above discussion, two sets of 
weightings are presented in the following two equations as a possible boundary for 
sustainability assessment of road projects. 
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Environment: Society: Economy = 50%: 25%: 25% ..……………………………………… (Equation 8-1)                                                        
Environment: Society: Economy = 34%: 33%: 33% ..……………………………………... (Equation 8-2)                                             
 
 
Figure 8-3:  Three overlapping circle 
model of sustainable development 
(Todorov and Marinova, 2011). 
 
 
Figure 8-4: Russian doll model of sustainable 
development (Levett, 1998). 
 
8.2.4 Applicability of the Weighting Assessment 
This study focuses on the development of a road environmental indicator that can facilitate 
the development and management of road projects by optimising the life cycle GWP 
impacts. The developed indicator ‘RUG Factor’ has already been validated for its possible 
production using available data, parameters and PMS procedures. Under the conventional 
regime of economy driven decision-making process, the new indicator needs to be 
integrated with the current procedure for its effective application. A multi criteria analysis 
(MCA) process can be a suitable option for combining the influence of different deciding 
factors. This process requires providing appropriate weighting to all the different factors to 
get an aggregate score. The assessment of the infrastructure sustainability rating schemes 
above delivered two different possible weightings for the three dimensions of sustainability 
under equation 8.1 and 8.2. We need to find whether the assessed weightings are 
applicable for the MCA study to incorporate RUGF or not to develop a simplified decision 
making process?   
 
Literature search provides inadequate findings as listed below, and that indicates more 
emphasize to the environment dimension. 
 
a) RobecoSAM corporate sustainability assessment methodology used for 
sustainability assessment of the world’s leading publicly traded companies for their 
Environment
SocietyEconomy
Economy
Society
Environment
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inclusion in the Dow Jones Sustainability World Index (DJSI World) has the 
dimensions’ weighting as 38% for environment, 35% for society and 27% for 
economy (ROBECOSAM, 2015).  This methodology has been offered to more than 
2500 companies of diversified areas since 1999.  
b) KfW Development Bank, Germany operates a highly environment focus 
sustainability rating assessment for the liquidity portfolio with 60% weighting for 
environment, 20% for society and 20% for corporate governance (KfW, 2011). 
The above weightings are used for various investment projects including finance, building 
and infrastructure sector. As a result, they give a general understanding about the industry 
level sustainability rating assessment considerations. These findings in general satisfy the 
range of weightings proposed for sustainability assessment in equation 8.1 and 8.2. Now, 
we need to see the scoping of the stated weighting range for the MCA process to integrate 
RUGF with other factors.   
The conventional cost benefit analysis (CBA) based decision process for road projects 
encompass almost all the assessable expenditures and benefits to both the agency and the 
users in a time value of money manner throughout the life cycle of the project popularly 
known as life cycle cost assessment, LCCA (Poveda and Lipsett, 2011). Hence, the relevant 
indicators net present value (NPV)/benefit cost ratio (BCR) and internal rate return (IRR) 
have been established as the universally accepted economic indicators for all areas of 
projects delivery. All other economic indicators are generally considered as supplementary 
in the process.  The NPV or BCR can therefore be considered as the representative indicator 
for the economy dimension of sustainability to be weighted in the MCA process.  
Environmental life cycle assessment (LCA) is emerging as a new tool for sustainable project 
delivery as explained in Section- 2.3. It is an all-inclusive approach that can involve almost 
all the environmental components from the start to the end-of-life phase of an 
infrastructure project.  The unit of measure for this process, GWP, can be ascribed to all the 
environmental components due to pertinent energy use and emission issues. In future, it 
would be used as an independent or a supplementary tool to the conventional CBA based 
project selection. As a result, the developed indicator RUGF that assess GWP impact of a 
road for its long use phase can be considered as the representative indicator for the 
environment dimension of sustainability to be weighted in the MCA process.  
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A social life cycle assessment indicator that can aggregate the major social issues relating 
road projects is required for delivering a complete road sustainability factor combining all 
the dimensions. Literature search could not find any such representative indicator. Hutchins 
and Sutherland (2008)  stated about the subjective nature of many social indicators and the 
need of much more work to fully integrate the social pillar into the decision making 
process. Finkbeiner et al. (2010) described the difficulty associated with the quantification 
of many social issues and the infancy state of the social life cycle assessment.  A recent 
literature review by Reidy et al. (2015) also identified the existence of clear weaknesses or 
gaps in the social dimension of sustainability.  Therefore, there is a need of research work 
for the development of a suitable social indicator towards the delivery of sustainable road 
projects.   
The scoping of this research work does not include the development of a social indicator. 
However, the limited search into the relevant literatures indicates that a social indicator for 
road projects may be available in future. The primary findings are presented in the 
following section for possible consideration in the future research. 
8.3: Road Social Indicators  
Construction of a new road usually has an immense impact to our social life both locally and 
nationally. Once constructed, the road is becoming a part and parcel of everyday life as a 
blood vessel, and it needs to be maintained to a required standard. As a result, the social 
impacts are always, the level of which may vary based on temporal as well spatial 
conditions. 
The social issues are quite diversified, often related with the economic and environmental 
dimensions too. They need to be accounted for separately and have been in consideration 
to some extent for road project development and maintenance management. However, 
assessing too many social issues is a complex exercise and often involves a long process. 
Combining some of them under a single unit of measure is also very difficult even for issues 
under the same areas of focus. Literature search found a new way of social development 
assessment by integrating different social issues under a single indicator, such as human 
development index (HDI) and gross national happiness (GNH). Development of such an 
index for the social dimension can be considered to facilitate sustainable road development 
and management.   
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HDI was developed in 1990 under the auspices of United Nations (Klugman et al., 2011). It 
is a summary measure of average achievement in key dimensions of human development: a 
long and healthy life, being knowledgeable and have a decent standard of living. The health 
dimension is assessed by life expectancy at birth; the education dimension is measured by 
average years of schooling for adults aged 25 years and more and expected years of 
schooling for children of school entering age. The standard of living dimension is measured 
by gross national income per capita. The scores for the three HDI dimension indices are 
then aggregated into a composite index using geometric mean (UNDP, 2015). 
GNH was first thought by Bhutan’s king Jigme Singye Wangchuck in the early 1970s and first 
elaborated in 1999 in the government’s document for the development vision 2020 
(Brooks, 2013). Since then it has substantial international attention for its possible 
application as a socioeconomic development metric. In 2005, the International Institute of 
Management, USA proposed Gross National Well-being (GNW) index, which is known as the 
second generation GNH. The purpose of the new generation GNH was to implement a 
practical and more comprehensive framework that can bridge the development gap 
between the objective but incomplete western socioeconomic policy framework and the 
holistic but subjective eastern political philosophy. In 2009, the Gallup poll system 
organised national happiness survey in USA based on this GNW model (GNHI, 2016). Based 
on the GNH concept, Thailand released Green and Happiness Index (GHI) in 2007 as the 
vision of its Tenth National Plan towards “Green and Happiness Society” (Barameechai, 
2007). Because of the growing international interest, the United Nations adopted 
‘happiness’ in the global development agenda in 2011 (United Nations, 2011). Since then 
many other countries set their own well-being and happiness standard, such as South 
Korea, India, Singapore, France and United Kingdom (Cloutier et al., 2014, GNHI, 2016) .   
The main philosophy behind GNH movement is to measure economic developments from a 
holistic approach based on a broad-based social expectation and feel good criteria. It is 
measured on subjective score, but has scope for quantitative assessment for some of the 
elements. The 2005 GNW model included a structured subjective survey into seven areas or 
dimensions in a scale of 0 to 10. The survey also asked four qualitative questions to identify 
key causes of happiness and unhappiness (GNHI, 2016). The UK national well-being study 
includes headline indicators in areas such as health, relationships, education and skills, 
what we do, where we live, our finances, the economy, governance, the environment and 
measures of “personal well-being” (ONS, 2011). The study is structured to provide a fuller 
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understanding of the economy, to enable a better understanding of the society, and to 
promote sustainable development and monitoring the environment (Self, 2014). It involves 
a combination of qualitative and quantitative procedures (Evans, 2011).  
The development of HDI and GNH/GNW provides some positive notion for the possibility of 
development of road social indictors in future. There are diversified and varying quality of 
over 150 identified social sustainability indicators (Finkbeiner et al., 2010), from where 
selection of some most influencing indicators for a road project may be possible. There may 
be road social indicators of both positive and negative impacts as listed below.  
Some positive social indicators:  
a) Access to healthcare. 
b) Access to education. 
c) Access to recreation facilities. 
d) Marketing of local produces. 
e) Employment generation. 
f) Improvement of tourism. 
g) Improvement of utility services. 
h) Networking opportunities.  
Some negative social indicators:  
a) Impact on values and culture.  
b) Impact on heritage. 
c) Impact on biodiversity. 
d) Environment pollution. 
e) Changes of demography. 
f) Changes in livelihood.  
g) Introduction of new diseases. 
h) Changes of traditional social structure.  
To select important and influencing indicators relating road project development and 
management, an extensive study involving literature search, reviews of some road project 
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social studies, stakeholders’ consultation and expert consensus is required. The process 
would deliver two different sets of indicators for new road projects and existing road 
network management. Once selected, the indicators need to be segregated based on their 
measuring option- qualitative or quantitative. The two sets of indicators can then be 
measured separately for two different comprehensive indictors by identifying appropriate 
research methodology. The two indicators can then be combined together for a single road 
social impact factor, for simplification that can be termed as road social factor (RSF). Detail 
study of the HDI, GNH/GNW and other comprehensive social assessment programs may 
assist in devising a suitable methodology for the quantification of RSF. The network level 
RSF can be of two types- local and global. Over the course of the time, a road agency would 
be able to develop local RSF for every single region of social district for sustainability 
assessment of local roads, and an aggregated global RSF for national road corridors.  
8.4: Road Sustainability Index (RSI)  
As stated earlier, economic indicators have been established, and a comprehensive road 
environmental indicator termed as ‘RUG Factor’ has been proposed. A comprehensive 
social indicator would also be available at a future date. Combining these indicators, a 
complete parameter or index called ‘Road Sustainability Index (RSI)’ is presented below: 
܀܁۷ =  ۳ܖܞ۷ ܠ WEnvI +  ۳܋ܗܖ۷ ܠ WEconI +  ܁ܗ܋۷ ܠ WSocI   ………………….………. (Equation 8-3)                            
 
Where, 
EnvI   = Environmental Indicator, which is the proposed RUGF 
EconI = Economic indicator, e.g. BCR, NPV 
SocI   = Social Wellbeing indicator, needs to be developed     
WEnvI, WSocI, WEconI = Relative weighting of different sustainability indicators- to be 
developed. 
Until the SocI is developed, the PMSs can consider the other two indicators to deliver 
sustainable roads. It is assumed that the social dimension is distributed into the two other 
dimensions. Such assumption is also arguable since the works or activities relating the 
economic and environmental dimensions impact the social dimension. To address the social 
issues, the current practice of separate qualitative intervention for road maintenance and 
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rehabilitation works may continue. Based on this assumption the equation 8.3 can be 
rewritten as below using the weightings suggested in equation 8.1 and 8.2.  
܀܁۷૚ =  ૛ ۳ܖܞ۷ +  ۳܋ܗܖ۷  ……….……………………………………………………………... (Equation 8-4)                                                        
܀܁۷૛ =  ۳ܖܞ۷ +  ۳܋ܗܖ۷ …………..…………………………………………….………….…….. (Equation 8-5)                                                              
RSI values (RSI1 and RSI2) for the treatment strategy analyses presented in Section- 7.2 are 
studied. Table- 8.1 and 8.2 present the RSI analyses for the 50 years multi-rehabilitation 
options of road sections 36-37km and 46-47km respectively. The analyses consider the 
highest NPV as unit (1) for its highest economic outcome and the other NPVs are weighted 
accordingly, while the lowest RUGF (GWP) is considered as unit (1) for its lowest 
contribution to the global warming phenomena and the other RUGFs are weighted 
accordingly. The NPV and RUGF weightings are then combined together using equation- 
(8.4) and (8.5) to get the RSI values for each of the treatment options. The RSI rankings are 
compared with the NPV and RUGF rankings and presented in Figure- 8.5 and Figure- 8.6 for 
road sections 36-37km and 46-47km respectively.  
The findings show that for road section 36-37km the best NPV option Rehab-A-2 remains 
best for RSI1 and RSI2, this is because Rehab_A-2 also has best RUGF. It indicates that a 
best economic option can be a best sustainable option too because of its delicate design 
considering road condition management in regards to the treatment option selection. This 
kind of findings would promote road agencies to include sustainability dimensions into the 
pavement management practices with expected less uncertainty regarding cost, technology 
and industry skills for sustainable deliveries.  
The RSI findings of section 46-47km are different from that of section 36-37km. Here, the 
higher the NPV the lower the RUG Factor and it is discussed in Section- 7.2.2. The 
dominating RUGF influences both the weightings stated in Equation (8.4) and (8.5). Here, 
the best NPV option Rehab_SS comes as the worst RSI1 option. On the other hand, the 
worst NPV option Rehab_A comes as the best RSI1 option. It is also the 2nd best in terms of 
RSI2. The findings even for RSI2, where environment: economy = 1:1, is due to the big RUGF 
advantage for significant savings in GWP contribution. For RSI2 the Rehab_FBA comes as 
the best option because of its balancing with 4th best NPV status and 3rd best RUGF status. 
However, overall the Rehab-A seems to be the best choice form industry perspective. 
Therefore, the full depth asphalt treatment strategy (Rehab_A) also comes as the best 
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possible sustainable option for section 46-47km as in section 36-37km. The conventional 
cost-benefit analysis placed this treatment as the least option because of the very poor 
condition of the road and the need of a big investment at an earlier time. Such a finding is 
very important for a road agency that sustainable solution can be attained within the ambit 
of available industry resources through an improved economic management.  
Table 8-1 : Road Sustainably Index (RSI) assessment for Section 36-37km. 
 
Treatment 
Strategies 
(36-37km) 
EconI EnvI RSI1 RSI2 
 
NPV 
(A$) 
NPV Unit RUGF 
(GWP: 
ton CO2-eq) 
RUGF Unit RSI Unit 
(2f + c) 
RSI Unit 
(f + c) 
(a) (b) (c) (e) (f) (g) (i) 
Rehab_GS 18,679 0.349         97,367  0.951 2.252 1.300 
Rehab_GA 7,428 0.139      114,498  0.809 1.757 0.948 
Rehab_FBS 44,065 0.823         94,816  0.977 2.777 1.800 
Rehab_FBA 2,364 0.044      109,478  0.846 1.737 0.890 
Rehab_A-2 53,573 1.000         92,643  1.000 3.000 2.000 
 
Table 8-2 : Road Sustainably Index (RSI) assessment for Section 46-47km. 
 
Treatment 
Strategies 
(46-47km) 
EconI EnvI RSI1 RSI2 
 
NPV 
(A$) 
NPV Unit RUGF 
(GWP: 
ton CO2-eq) 
RUGF 
Unit 
RSI Unit 
(2f + c) 
RSI Unit 
(f + c) 
(a) (b) (c) (e) (f) (g) (i) 
Rehab-SS  1,541,436  1.000      152,372  0.792 2.584 1.792 
Rehab-GS  1,521,685  0.987      149,569  0.807 2.601 1.794 
Rehab-GA  1,279,148  0.830      124,924  0.966 2.762 1.796 
Rehab-FBS  1,457,322  0.945      146,349  0.825 2.595 1.770 
Rehab-FBA  1,344,496  0.872      128,391  0.940 2.753 1.812 
Rehab_A  1,237,967  0.803      120,711  1.000 2.803 1.803 
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Figure 8-5 : Comparing RSI ranking with NPV and RUGF rankings, 36-37 km. 
 
 
 
Figure 8-6 : Comparing RSI ranking with NPV and RUGF rankings, 46-47 km. 
The findings of the two scenarios suggest that a comprehensive sustainability indicator 
similar to the proposed RSI can assist a road agency to weigh their decision toward the 
selection of a more sustainable treatment strategy. A PMS can design numerous treatment 
options with a consequent bigger scope for RSI assessment and sustainable delivery. The 
quantitative integration of the developed indicator RUG Factor with indicators of other 
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dimensions of sustainably, through the development of different promising industry level 
scenarios, confirms its stage-III level validation.  
The proposed RSI is relevant for both project and network level applications of road asset 
management practices. For project level analysis, RSI values can help selecting the best 
sustainable treatment option from a life cycle viewpoint. On the other hand, for network 
level analysis the most qualified candidate road sections can be selected based on RSI 
centered treatment outcomes for a defined analysis period of say 10, 15 or 20 years under 
the constrained funding regime in general. The common maintenance intervention triggers 
such as road roughness (IRI) or seal-life age can also be supplemented with the new 
environmental indicator RUG Factor for sustainable decision-making. For example, the RUG 
Factor to be computed; with the predicted road conditions, traffic levels and maintenance 
works; can have an agreed threshold level that will be considered along with IRI and/or 
seal-life age to qualify road sections for preservation/ improvement works.   
8.5 Final Validation of RUG Factor 
As detailed in Section- 3.3.6, the final stage of a scientifically processed indicator involves 
auditing of the whole process of indicator design and validation for its approval of the 
adopted research methodology. The audit findings are presented in Table- 8.3. The findings 
show that the developed indicator satisfies all the 12 sets of questions under the three 
fundamental points of view- conceptual coherence, operational coherence and utility as 
identified by Cloquell-Ballester et al. (2006) for completeness of an indicator from scientific 
aspects of validation. It can now be concluded that the developed indicator ‘RUG Factor’ 
has been validated fully by confirming the following: 
a) A correct relationship between the measuring instrument (RUGF) and the 
measuring object (GWP).  
b) A correct definition of the internal operations of the measuring instrument (RUGF).  
c) Applicability in road environmental impact assessment studies.  
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Table 8-3 : Auditing of the indicator development process (Final Validation). 
Sl. 
No. 
Question detail How the question is addressed Satisfactory             
(Yes / No) 
Conceptual Coherence 
1 The definition of 
the indicator and 
the concepts that 
comprise it up is 
suitable.  
Road Use GHG (RUG) Factor, the developed 
indicator, defines the road environmental 
impacts in terms of GHG emissions during 
the use phase. It is conceptualised to 
address the road use phase impact on the 
global warming phenomena.  
Yes 
2 There is a 
biunivocal 
correspondence 
between the 
indicator and the 
factor to be 
quantified.  
 
The developed indicator quantifies global 
warming potential (GWP), which is a 
measure of atmospheric heat trap by 
different GHGs as a common factor of 
equivalent carbon dioxide. So, the indicator 
RUG Factor and the GWP factor to be 
quantified correspondence each other 
directly.  
Yes 
3 The 
interpretation 
and meaning of 
the indicator are 
suitable.   
The very name of the indicator Road Use 
Greenhouse Gas Factor (RUG Factor) as well 
as its environmental impact measure unit 
Global Warming Potential (GWP) clearly 
explains its content and connotation.  
Yes 
Operational Coherence 
4 The mathematical 
formulation of 
the indicator is 
suitable with 
regard to the 
concept, which is 
to be quantified.  
 
 
 
The simplified mathematical formulation 
presented in Chapter- 5 is aimed for 
quantification of GWP contribution of 
different components of the indicator based 
on actual life cycle road conditions, traffic 
levels and emission factors for different 
attributes. The assessment of RUG Factor for 
different road sections under this study in 
Chapter- 7 confirms the suitability of the 
mathematical formulation.  
Yes 
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Sl. 
No. 
Question detail How the question is addressed Satisfactory             
(Yes / No) 
Operational Coherence 
5 The data used to 
establish the 
indicator and its 
units are suitable. 
 
 
 
  
The data used to establish the indicator are 
collected, collated and preserved under a 
corporate program of DTMR, QLD and used 
for their conventional pavement asset 
management program. Import and reading 
of the data by the SCENARIO tool, 
subsequent software run for treatment 
strategy analysis and comparing the 
strategies for RUGF levels confirm the 
suitability of the data.  
Yes 
6 The proposed 
measurements 
procedure to 
obtain the 
indicator are 
suitable, allowing 
for its 
reproduction and 
comparison.  
The measurement procedures of RUGF are 
based on mathematical formulation suitable 
for simplified software applications that 
facilitate reproduction and comparison for 
variables involving road condition data and 
different parameters and attributes. The 
ranking analysis for different treatment 
strategies and study of various road sections 
for different life cycles confirm this criterion. 
Yes 
7 The indicator 
accuracy is 
suitable to 
quantify the 
factor and it is 
sensitive to 
changes in the 
latter. 
The RUGF quantifies GWP levels for the use 
phase of a road based on life cycle condition 
assessment. A higher RUGF indicates a poor 
state of the road (e.g. road roughness) due 
to the higher GWP level and vice versa. 
Again, RUGF primarily includes all the major 
environmental components of the road use 
phase and hence measures the GWP levels 
substantially. It has the scope for inclusion of 
the remaining environmental components as 
the relevant science progresses.  Therefore, 
the indicator is sensitive to the factor it 
quantifies.  
 
Yes 
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Sl. 
No. 
Question detail How the question is addressed Satisfactory             
(Yes / No) 
Utility  
8 The indicator 
reliability is 
suitable. 
The indicator is based on quantitative 
assessment of a widely considered 
environmental factor- GWP. The 
accompanied analysis done for various life 
cycle road treatment strategies gives reliable 
indication for their impact levels to the 
global warming phenomena considered as 
the area of focus for this indicator.  
Yes 
9 The reliability of 
the source of 
data, which the 
indicator is made 
up of, is suitable.  
The road condition, traffic, material and 
other data sources required for 
quantification of RUGF have been collected, 
managed and used by the road 
agencies/associated organisations around 
the world for corporate requirements for 
quite a long period. As a result, the reliability 
of the data sources in general can be 
considered satisfactory.   
Yes 
10 The accessibility 
to the data and 
the applicability 
of the indicator 
are suitable  
Development of RUGF is aimed for the 
delivery of sustainable road projects by road 
agencies, so the accessibility to the 
corporate data bank can be considered as a 
natural process. The integration analysis of 
RUGF with other indicators carried out in 
Chapter- 8 confirms its suitability in the 
intended application.  
Yes 
11 The information 
provided by the 
indicator may be 
catalogued as 
reliable 
The RUGF is a quantitative indicator. It can 
be reproduced based on variability of the 
road condition assessment for different 
treatment strategies and associated 
impacting parameters and attributes. 
Therefore, the information provided by 
RUGF can be catalogued as reliable.   
Yes 
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Sl. 
No. 
Question detail How the question is addressed Satisfactory             
(Yes / No) 
Utility  
12 The cost of the 
production of the 
indicator can be 
considered 
acceptable 
The RUGF mostly uses the existing data 
sources with minor modification of the PMS 
procedures. As a result, it involves very little 
cost of production and unlikely to hinder a 
road agency to use it for incurring additional 
cost.  
Yes 
 
8.6: Prospect of RUG Factor  
The RUG Factor possesses significant strength as a road sustainability indicator for scoping 
in the road infrastructure development and management programs with improved 
sustainability. It includes all the environmental components of road operation life covering 
the use, maintenance and materials phases. As a result, the validation Stage-V has already 
authenticated it as a possible indicator for representing the environment dimension of 
sustainability for road works prioritisation assessment. This pivotal position makes it 
important for all aspects of road infrastructure assets in general. Road industry may 
consider the following fields for assessing its suitably as a decision indicator with necessary 
improvement/modification based on industry expectation and scoping.     
a) Sustainable road asset management: The pavement management system (PMS) in 
use can consider RUGF to find sustainability outcomes of the road maintenance 
programs and optimise the level of GHG emissions. Thus upgrading the PMS to 
sustainable pavement management system (S-PMS) and attain more sustainable 
deliveries. The detail has been explained in Chapter-7. 
 
b) Sustainable road development: The option analysis of a new road project may add 
RUGF on top of the construction phase emission assessment. It will provide life 
cycle carbon footprint comparison of alternative options and thus selecting the best 
possible sustainable project option. This is explained in Table- 8.4 for an arbitrary 
road project considering life cycle GHG emissions are included in the assessment 
process for three alternate alignments with same design standards. The use phase 
emissions are not shown for the conventional assessment because it may not be 
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done or may be done with little significance due to absence of any indicator like 
RUGF. It is seen that the addition of a strong indicator like RUGF for the operation 
phase can change the merit of competing options with changing ranking based on 
life cycle carbon footprint. The best alignment option- A in the conventional 
assessment renders as the 3rd ranked option when RUGF is included.  
Table 8-4 : Road project assessment with or without RUGF.  
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A 8,000 - 8,000 1 8,000 100,000 108,000 3 
B 10,000 - 10,000 2 10,000 80,000 90,000 1 
C 12,000 - 12,000 3 12,000 85,000 97,000 2 
 
c) Road Carbon Map: The availability of road networks map showing the carbon 
footprint for every single unit such as for every km can be a good tool for 
addressing emission issues in a better way. It may have significant benefits in road 
carbon management globally in the following way: 
 
 Raise public awareness of road carbon issues by providing an easily 
understandable and easy access tool.  
 
 Allowing local, regional, national and international policymakers to decide on 
road carbon management including funding, administration, monitoring and 
legislation. 
 
 Strengthening the practice of road carbon management by road managers of 
different levels. 
 
 Improve road stakeholders’ engagement on the issue including media and 
community pressure groups.  
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The map may be based on Google or any other GIS mapping system. The RUG Factor can be 
used for developing such a map. It is explained below.  
 If RUGF or a similar indicator is considered for life cycle GHG emission 
assessment of a road network, it can be possible by the use of a PMS with 
some modification. The road condition, traffic and other data are generally 
available in the system. 
 
 In addition to a life cycle RUGF assessment, the RUGF of a single year can be 
assessed for every km of a road. It means in addition to road asset 
management prioritisation, one of the PMS Deliverables will be RUGF of the 
assessment year.  
 
 The single year RUGF will then be converted as RUGF per standard vehicle. It 
needs standardisation of vehicles as is done for road capacity assessment 
(passenger car unit- PCU). The emission levels of different types of vehicles can 
be assessed and allocated, which may give values for example Small Cars- 1 
Standard Carbon Vehicle (SCV), Big Cars- 2 SCV, Bus/Truck- 5 SCV, Big Trucks- 
10 SCV and so on.  
 
 The unit of measure of road carbon footprint can be gm CO2/SV-km. The 
calculation for 7 sections of three arbitrary roads is shown in Table- 8.5.  
 
 The RUGF values are arbitrarily divided into five different ranges, and colour 
coded as Green: < 4,000 unit, Light Green: 4,001-6,000 unit, Amber: 6,001-
8,000 unit, Orange: 8,001-10,000 unit and Red: >10,000.  
 
 An arbitrary road carbon map is presented in Figure- 8.7 based on the findings 
of Table- 8.5.  
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Table 8-5 : RUG Factor assessment for road carbon mapping. 
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A 0-1 1800 120 150 50 70 1,370 3,600 < 4,000 Green 
A 1-2 4000 150 200 70 75 1,650 6,642 6,001-8,000 Amber 
A 2-3 2000 80 120 35 40 895 6,122 6,001-8,000 Amber 
B 0-1 1200 30 50 12 15 340 9,670 8,001-10,000 Orange 
B 1-2 1100 20 35 12 15 300 10,046 >10,000 Red 
C 0-1 1500 80 100 30 35 780 5,269 4,001-6,000 Light Green 
C 1-2 1800 80 100 30 35 780 6,322 6,001-8,000 Amber 
 
Example Calculation: Road A, Chainage 0-1 km 
Traffic AADT: Car- 120, Big Car- 150, Bus/Truck- 50, Big Truck- 70; 
SCV: Car- 1, Big Car- 2, Bus/Truck- 5, Big Truck- 10; 
Total SCV = 120x1 + 150x2 + 50x5 + 70x10 = 1,370  
 
RUGF, 2015, ton CO2/year = 1,800  
RUGF, 2015, gm CO2/SCV-km = (1,800x1000,000)/(1,370x365) = 3,600 
3,600 unit falls under Green category for < 4,000 
 
 
 
Figure 8-7 : Road Carbon Map using arbitrary assessment in Table- 8.5.  
P a g e  | 190 
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
8.7 Summary  
In this chapter, the developed road use phase environmental indicator ‘RUG Factor’ is 
assessed for its integration with other indicators of different dimensions of sustainability. 
This is important to find the prospect of application of the indicator under the framework 
of conventional road asset management practices without negative complexities. Then the 
indicator is audited for the whole process of the indicator development and validation 
under this research study. The affirmative outcome of both the processes has confirmed 
the completeness of the RUG Factor as a potential environmental indicator for the 
development and management of sustainable roads. The developed methodology of 
integration of the RUG Factor with other sustainability indicators also indicates its potential 
towards the development of sustainable pavement management system (S-PMS) and 
delivery of sustainable road projects. The prospect of development of interactive road 
carbon maps using the RUG Factor would be helpful for better engagement of road 
stakeholders and management of carbon emissions from the road infrastructure.  It can 
now be inferred that the life cycle GWP impact assessment of road projects involving 
different road use phase environmental components would be possible using existing 
resources, and its weighting in the pavement asset management decision process may 
assist road agencies in projecting sustainability of their deliveries without conflicting a lot to 
the current process and technical knowhow.  
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Chapter 9 : Conclusions and Recommendations 
This research work was aimed at promoting sustainable development in the field of road 
infrastructure to contribute towards the international effort of managing the global 
warming phenomena. Road transport contributes around one-fifth of global greenhouse 
gas emissions and it is increasing steadily with the improvement of economy and life style. 
Advancement of vehicle technology and use of alternative fuels do not show any marked 
change in the scenario. There are significant levels of environmental impact of road works 
as well as the use of roads due to road condition effect to vehicle fuel, tyre and repair 
demands. Conventional road asset management procedures prioritize road works mainly 
based on cost-benefit analysis outcomes with inadequate consideration to the 
environmental issues. Therefore, GHG emissions from roads need to be included in the 
process for achieving better sustainability. 
A 6-stage rigorous methodology was developed to design and validate the intended 
environmental indicators for assessing GHG emission levels of road infrastructure.  A set of 
mathematical equations was also developed to estimate the impact of different 
environmental components and sub-components. Quality data sources, parameters and 
study tools were identified and developed as needed. Two sections of a major corridor road 
in Queensland, Australia were studied for different life cycle treatment strategies based on 
cost-benefit analysis outcomes and GHG emission levels.  
The study delivered a holistic road environmental indicator named ‘Road Use Greenhouse 
Gas Factor (RUG Factor)’. It has significant potential towards achieving improved 
sustainability in road infrastructure. The delivery of fully validated RUG Factor and 
associated findings confirm fulfilment of the research objectives and research questions set 
out in Chapter-1.    
9.1 Research Conclusion  
This research study provided some noteworthy contributions in the field of road asset 
management and life cycle assessment of roads. The principal contribution is the 
development of ‘RUG Factor’ for assessing life cycle GHG emission levels from road works 
and uses. It includes some high impact environmental components of road use and 
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maintenance phases, while it has provision for adding other environmental components as 
the relevant science progresses. Important contributions of this study are presented below 
as addressing the research questions stated in Section- 1.3 and additional contributions.  
9.1.1 Contribution in Addressing Research Questions  
Research Question- 1: What are the critical environmental components for sustainability 
of road infrastructure?  
This question is addressed in Chapter- 2. Published road life cycle studies until March 2016 
were studied for segregating environmental components at different phases of road life as 
high or low impacting by qualitative research. The components were also reviewed for their 
life cycle environmental implication from road construction and management viewpoint. 
The identified critical environmental components are listed below: 
a)  Material extraction and production. 
b)  Material transportation. 
c) Traffic congestion. 
d) Rolling resistance. 
e) Albedo. 
f) Road lighting.  
g) End-of-life recycling.   
Research Question- 2: What are the available road indicators that address the critical 
environmental components?  
This question is addressed in Chapter- 4. The study involved review of current road industry 
tools and systems, used to deliver sustainable road projects and to manage maintenance 
programming of road networks, based on a comprehensive road LCA system boundary 
model developed under this study. The identified ten road indicators can address the 
critical life cycle environmental components of materials and construction phases of road 
life. The indicators are listed below:   
a) Use of regional material. 
b) Use of recycled material. 
c) Reuse of material. 
d) Earthwork balance. 
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e) Reduction of waste. 
f) Reduction of net embodied energy. 
g) Reduction of energy use. 
h) Use of renewable energy. 
i) Energy efficiency. 
j) Reduction of emissions. 
Research Question- 3: What additional indicators are required to address the critical 
environmental components not covered by the available indicators from LCA viewpoint?  
This question is addressed in Chapter- 5. The road indicators available at present, stated 
under Research Question- 2 above, showed that there is a gap of indicators for the high 
impact road use phase environmental components. There are some gaps for the 
maintenance phase environmental components also e.g. traffic congestion. It is noted that 
the maintenance phase involves the use phase to keep the roads safe and passable. The 
maintenance regime also dictates the albedo phenomena of road surface. Besides, there 
are less new road constructions now-a-days since most of the road networks are 
substantially developed and need effective maintenance programming to keep the road 
asset performing sustainably for a long time. Therefore, a comprehensive road use phase 
indicator combining critical environmental components of both use and maintenance 
phases is required. Accordingly, this study proposed a new indicator termed Road Use 
Greenhouse Gas Factor (RUG Factor). The RUG Factor includes environmental components 
such as rolling resistance, albedo and materials, which are again divided into various sub-
components, e.g. rolling resistance impact due to road roughness to vehicle fuel 
consumption, tyre wear, repair and maintenance, and engine oil consumption. Literature 
review and analysis excluded some components and sub-components from the proposed 
version of the RUG Factor because of limitations regarding quality data, parameter and 
scientific reasoning. However, they can be added gradually as the relevant science 
progresses to allow their proper quantification. The RUG Factor measures environmental 
impact in global warming potential (GWP) by adding life cycle GHG emissions of the 
constituent environmental components.  
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Research Question- 4: How the new indicators can be confirmed as validated ‘life cycle 
road environmental indicators’?   
This question is addressed in Chapter- 6, 7 and 8. Literature search did not give any suitable 
methodology that can deliver quantitative indicators required to be developed under this 
study. Accordingly, a six stage rigorous methodology that comprised of two stages for 
indicator design and four stages for indicator validation was developed for the 
development of the road indicators. The RUG Factor was fully validated following the 
methodology. It was validated for its suitability of quantification (Chapter- 6), impact on 
conventional approach of intervention (Chapter- 7) and integration with other indicators of 
sustainability (Chapter- 8) in its intended field of application. The whole process of indicator 
design and validation was then audited for 12 sets of questions under three fundamental 
points of view e.g. conceptual coherence, operational coherence and utility (Chapter- 8). As 
a result, it is a fully validated and strong environmental indicator for industry level 
application of road project development and management.  
Once a road is constructed, it is generally maintained as part of a road network and is likely 
to have a perpetual life under the use phase through maintenance and rehabilitation works. 
So, the use phase of a road is the most important area of concern from GWP point of view, 
and without addressing this phase sustainable road asset development and management 
cannot be achieved. Therefore, the RUG Factor is a life cycle environmental indicator that 
can address the whole of life aspect of road infrastructure. 
9.1.2 Additional Contributions  
The supplementary contributions in the process of developing the RUG Factor are stated 
below. 
a) Life Cycle System Boundary Model for Road LCA Study (Details in Chapter 2 and 7) 
An effective life cycle analysis requires identifying main areas of focus to save time and 
resources, and to deliver applicable findings. Therefore, studies focusing on the practical 
aspects of emission management of roads require a comprehensive road LCA system 
boundary model. A system boundary model that includes all the critical road environmental 
components based on updated science in road infrastructure field was developed (Figure- 
2.6). This can be considered for future road LCA studies. However, exploration outside the 
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proposed boundary is important for theoretical research and to widen knowledge in the 
field.  
Over a longer analysis period, a road section can have repetition of similar treatment works 
at regular interval and thus involves a loop phenomenon of series of life cycle assessments. 
It gives interfaces between the cradle and the grave phases instead of commonly 
understood cradle-to-grave phenomenon with an End-of-life (deconstruction) phase for 
road LCA study as detailed in Section- 7.4. This assumption led to the development of a 
dynamic road life cycle system boundary model presented in Figure- 7.12 and its 
mathematical formulation presented by Equation- 7.1. The loop phenomenon of road life 
cycle would be helpful to simplify network wide road LCA studies. A second system 
boundary model based on the loop phenomenon (Figure- 7.13) was also developed to 
facilitate road maintenance programming.  
b) Road Sustainability Index (Details in Chapter 8) 
A comprehensive road sustainability index (RSI) was proposed by integrating the indicators 
of different sustainability dimensions as shown below: 
܀܁۷ =  ۳ܖܞ۷ ܠ WEnvI +  ۳܋ܗܖ۷ ܠ WEconI +  ܁ܗ܋۷ ܠ WSocI                               
Where, 
EnvI   = Environmental Indicator 
EconI = Economic indicator 
SocI   = Social Wellbeing indicator    
WEnvI, WSocI, WEconI = Relative weighting of different sustainability indicators 
 
The developed life cycle indicator ‘RUG Factor’ can be the EnvI, well established economic 
indicator e.g. NPV or BCR can be the EconI, but a comprehensive road social indicator is 
required to be developed for SocI. Until the development of SocI, the RSI can be used for 
sustainably assessment by adding environment and economic indicators only. The current 
practice of separate social assessment can be continued.  
A concept was proposed to facilitate the development of a comprehensive road social 
indicator. The idea is based on the emerging concept of gross national happiness (GNH) or 
gross national well-being (GNW) endorsed by the United Nations and considered by 
countries like Bhutan, Thailand, USA, UK, Singapore, South Korea etc. for impact 
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assessment of national development programs. The development of road social indicator 
would involve identifying positive and negative social indicators relating road projects and 
then scoring them using appropriate methodologies to be conceptualized on GNH or GNW 
development. A road agency can have two separate sets of road social indicator- Global and 
Local. Global for national road corridors, while Local for regional/local roads.   
c) Interactive Road Carbon Map (Details in Chapter- 8) 
A model of road carbon map using the potential of the RUG Factor was developed. The 
study includes ideas such as assessment of road carbon emission levels using the RUG 
Factor of a single year as part of annual road maintenance program assessment by road 
agencies, standard carbon vehicle (SCV) to add the impact of different vehicle types, 
measuring road carbon level by a proposed unit termed ‘gm-CO2/SCV-km’, color coding the 
carbon levels of each unit, e.g. 1 km, of a road with different colors, and producing 
interactive maps based on Google or any other GIS mapping system. The road carbon map 
would not only provide stakeholders, policymakers and road managers an understandable 
and accessible tool, it would also help other areas of intervention such as environmental 
and health management of residential areas based on map indicators. 
d) Equations and Parameters (Details in Chapter- 5) 
Some mathematical equations were developed to facilitate life GWP assessment of some 
environmental sub-components. These are, road roughness impact on fuel consumption, 
road roughness impact on tyre wear, material production, material transportation and 
material laying. Some parameters were also developed to facilitate life cycle GWP 
assessment of road works and uses. These are emission factors of various types of road 
works in DTMR, QLD, emission factors of various vehicle types used in Australian roads, 
vehicle composition in Queensland for simplified emission assessment, fuel consumption 
increase with road roughness levels, tyre wear increase with road roughness levels, and 
albedo levels for different bituminous treatments. 
9.2 Research Findings  
In addition to the specific knowledge contributions, this research work inferred some 
important findings as stated below (next page).  
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a) RUG Factor Assessment 
Because of timing of a major road treatment or rehabilitation work, the GWP impact may 
not be reflected in a shorter life cycle analysis such as 20 years. Therefore, despite the 
general corporate need of medium term analysis for prioritizing work program from 
planning and funding perspectives, it needs to be validated with a separate long-term (say 
50 years) analysis to ensure the best treatment strategy and timing for attaining 
sustainability.  
Effective and balancing integration of the RUG Factor requires indicators from both the 
social and economic dimensions of sustainability. Multi criteria analysis (MCA) with 
appropriate weighting was found suitable for integration of the indicators. The triple-
bottom-line concept of sustainability gives the weighting as Environment : Society : 
Economy = 1 : 1: 1. On the other hand, assessment of credits of three important rating 
schemes showed that industry level consideration to the weighting is 2 : 1: 1. So, these two 
weightings can be considered as a band for sensitivity analysis to find the suitable one for 
the context of a road agency to carry out the MCA for integration of the indicators. 
The inclusion of the RUG Factor in the conventional pavement management system (PMS) 
is important to integrate with the economic indicator and hence deliver maintenance and 
rehabilitation projects based on the Road Sustainability Index (RSI), which balances the 
environmental and economic indicators with approved weighting. The process can be 
initiated on trial basis for a part of a road network. The trial would facilitate development of 
necessary systems and parameters for the conversion of the PMS to sustainable-pavement 
management system (S-PMS). The development over the trial runs can eventually allow the 
whole network for S-PMS delivery through calibration of various parameters for other local 
regions within the network. 
b) Road Asset Management 
The present condition of a road has a significant influence on economic as well as life cycle 
environmental assessments and the consequent decision making process. A good condition 
road may end up with less competitive treatment strategy because of delayed 
interventional treatment needs and the imposition of the discount rate in the economic 
analysis. As a result, the decision making scenario seems easier for a poor road, where is 
there is a need of early interventional treatment. So, the LCA assessment should be carried 
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out annually based on updated road conditions. It needs integration of LCA assessment 
with the conventional pavement management system (PMS) that road agencies generally 
run every year based on economic indicators.  
LCA of two road sections under this study showed that road roughness contributes more 
than 90% of road use phase GWP. Considering the loop phenomenon of road life (Figure- 
7.11) this situation may not change a lot even with inclusion of other environmental 
components in future RUG Factor assessment. With the prospect of high motor density 
globally, 25% fuel efficiency improvement over next 50 years, and a grid-mix significantly 
reliable on fossil fuel, the GWP impact of road roughness will continue to be high. This 
study observed a fuel consumption increase of 1%, 0.9% and 0.8% respectively for small, 
medium and large vehicles for the increase of each unit of roughness (IRI, m/km). Road 
agencies may, therefore, review their road asset management programs to reduce the 
overall roughness level of the network.  
Setting low corporate roughness trigger levels also have significant impacts on road use 
GWP levels in terms of RUG Factor. A roughness level of 1 IRI m/km can be achievable by 
proper maintenance technique as assessed from roughness condition data of the study 
road in this research work. Therefore, a benchmark IRI of 1m/km is suitable for assessing 
roughness GWP impact on vehicle fuel and tyre consumptions.   
c) Vehicle Repair and Maintenance (R&M) Impact  
Vehicle R&M needs due to road roughness do not vary noticeably up to IRI 3 m/km, but 
then increases exponentially. However, the GWP impact of vehicle R&M for road roughness 
increases significantly with speed levels. The base line impact at IRI 1 m/km would be more 
than 20% for changing speed levels from 56km/hr. to 88km/hr. and 88km/hr. to 112km/hr. 
as understand from the findings of Zaabar and Chatti (2014). This research study found that 
the road networks in the developed world generally have most part maintained at or under 
an average roughness level of IRI 3 m/km, but there is a concern for the developing world 
with rapidly increasing vehicle density. To reduce the high impact of vehicle R&M GWP at 
higher roughness levels, it is recommended that the road agencies at least focus on high 
traffic roads to keep the roughness levels below IRI 3 m/km. It is also important to review 
the speed levels considering road roughness conditions particularly after natural calamity 
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such as flooding or extended rainfall because of possible sudden deterioration of road 
conditions to minimize the GWP impact for vehicle R&M needs. 
d) Future Vehicle Mix 
The electric grid mix of most of the countries at present needs to be improved through the 
addition of more renewable energy sources. The current scenario of high fossil fuel 
dependence gives high source level emissions to the vehicles that charge the grid for 
energy intake. As a result, assessment of cars and SUVs in current Australian market shows 
that the average emission levels of the electric vehicles (EV) and hybrid vehicles are not less 
than the conventional petrol/diesel vehicles. So, the development of EV does not ensure 
reduction of the use phase impact because of vehicle charging from the electric grid mix 
that rely greatly on fossil fuel though it promises less tailpipe emission. In addition, there 
are environmental concerns relating battery, engine and powertrain and end-of-life 
management of EVs. The high price, availability of electricity and charging facilities, 
technology refinement and safety issues also pose great uncertainty to the penetration 
level of EVs in the global automobile market in near future. 
9.3 Recommendation for Future Research   
The stated potential of the RUG Factor to improve sustainability in the field of road 
infrastructure require further study to strengthen the RUG Factor, to implement some of 
the recommendations above effectively and to explore other areas of concern.  
01. Quantification of some high impact environmental components and sub-components is 
excluded from the RUG Factor because of limitations regarding quality data, parameters 
and scientific reasoning. These are vehicle repair & maintenance impact due to road 
roughness, structural rolling resistance (SRR), traffic congestion and lighting. Further study 
is important to improve the relevant science and add these components and sub-
components to the RUG Factor. It will deliver better sustainability in road infrastructure 
development and management through life cycle GWP assessment.  
 
02. The development of road social indicator is important to facilitate full-fledged application 
of the road sustainably index (RSI) that combines indicators of different sustainability 
dimensions. The proposed framework in this study can be studied and modified, if required, 
for the delivery of the road social indicator. The outcome would ensure improved 
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sustainability by addressing all the three dimensions in project comparison and selection 
process.  
 
03. The development of a more accurate road carbon map requires proper standardization of 
vehicles for their emission levels i.e. the development of universally accepted ‘standard 
carbon vehicle (SCV)’. Besides, segregation of numerous vehicle models under some 
standard class is required based on their emission levels. For network basis carbon map 
development and application of GWP in road works, the emission factors for different 
vehicle class need to be developed and updated regularly due to change of vehicle 
composition and improvement of vehicle technology and fuel sources.  
 
04. To facilitate impact assessment for albedo, an albedo matrix is required for different types 
of pavement surfacing for different years of age. It is required that road agencies develop 
such matrixes through detail study to facilitate network wide GWP assessments for albedo 
levels and feed into the RUG Factor or similar other indicator to attain sustainable 
deliveries. Such study may also give albedo models to project future albedos based on real 
time field measurements.  
 
05. The study of the infrastructure rating schemes in this study showed inadequate 
consideration to the life cycle aspect of road infrastructure in terms of credit items and 
their weighting share. The findings of this study can be considered for further improvement 
of the credit matrix to give adequate importance to the life cycle environmental aspects 
and hence facilitate more sustainable delivery of road projects.  
 
06. The methodology developed and used in this study for developing the RUG Factor has been 
proved as a rigorous scientific procedure for developing complete indicators that can 
quantify environmental impact levels for industry level applications. Literature search did 
not give any similar methodology that can deliver quantitative indicators. The methodology 
can, therefore, be studied further to make it suitable for indicator development in other 
areas of concern. The application of four stages of validation depends on the scoping for 
any particular indicator development study. The absence of scoping for higher-level 
validation may not be a concern, and the indicator is still validated to certain stage as 
happened in qualitative research too. In such cases, the further stages of validation can be 
done once the scoping is established.  
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Appendix- 1: Traffic Analysis of the Study Road Sections from TARS, DTMR 
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Annual Volume Report 
 
AADT  History 
 
 
 
 
 
 
 
 
 
 
 
Region 202 -  Darling Downs 
Road Section 18 A - Warrego Highway (Ipswich - Toowoomba ) 
30066 - 300 m W of Laidley_Plainlands Overpass Site 
Thru Dist 46.0 
Type C - Coverage 
Stream TB - Bi-directional traffic flow 
Year 2013 
AAD
T 
21,045 
20,624 Avg Week Day 
18,940 Avg Weekend Day 
Growth last Year % 3.84 
3.13 % Growth last 5 Yrs 
% Growth last 10 Yrs 3.19 
Page 2 of 3  (5 of 7) 
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Hourly Averages 
 
 
 
Traffic Analysis and Reporting System 
 
Daily Averages 
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Appendix- 2: Vehicle Data from Queensland Vehicle Register 
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Sl. No. Make Seating 
Capacity
Fuel Type Vehicle Class Fuel 
Consumption 
(L/100km)
Tail Pipe 
Emission 
(g/km)
Model   
Release Year
Fuel 
Production 
Emission, 
g/km
Emission, 
g/km         
(Fuel 
production 
+ Tail Pipe)
1 Fiat 4 Petrol 95RON Small Car 3.9 90 2012 7 97
2 Fiat 4 Petrol 95RON Small Car 3.9 90 2012 7 97
3 Fiat 4 Petrol 95RON Small Car 4 92 2012 7 99
4 Fiat 4 Petrol 95RON Small Car 4 92 2012 7 99
5 Fiat 5 Petrol 95RON Small Car 4.1 95 2013 7 102
6 Fiat 5 Petrol 95RON Small Car 4.1 95 2013 7 102
7 Fiat 5 Petrol 95RON Small Car 4.1 95 2013 7 102
8 Fiat 5 Petrol 95RON Small Car 4.2 99 2013 8 107
9 Fiat 5 Petrol 95RON Small Car 4.2 99 2013 8 107
10 Alfa Romeo 5 Petrol 95RON Small Car 4.2 99 2013 8 107
11 Fiat 5 Petrol 95RON Small Car 4.2 99 2013 8 107
12 Renault 5 Petrol 95RON Small Car 4.5 105 2013 8 113
13 Suzuki 4 Petrol 95RON Small Car 4.5 107 2012 8 115
14 Suzuki 4 Petrol 95RON Small Car 4.5 107 2012 8 115
15 Suzuki 4 Petrol 91RON Small Car 4.7 108 2015 9 117
16 Mitsubishi 5 Petrol 91RON Small Car 4.6 109 2014 8 117
17 Peugeot 5 Petrol 95RON Small Car 4.7 109 2012 9 118
18 Skoda 5 Petrol 95RON Small Car 4.8 109 2015 9 118
19 Volkswagen 5 Petrol 95RON Small Car 4.8 109 2015 9 118
20 Mitsubishi 5 Petrol 91RON Small Car 4.6 109 2014 8 117
21 MINI 4 Petrol 95RON Small Car 4.7 110 2014 9 119
22 Skoda 5 Petrol 95RON Small Car 4.8 111 2015 9 120
23 Suzuki 4 Petrol 91RON Small Car 4.8 112 2015 9 121
24 Volkswagen 5 Petrol 95RON Small Car 4.8 112 2015 9 121
25 Volkswagen 5 Petrol 95RON Small Car 4.8 112 2015 9 121
26 Mitsubishi 5 Petrol 91RON Small Car 4.8 113 2014 9 122
27 Volkswagen 5 Petrol 95RON Small Car 4.9 113 2015 9 122
28 MINI 4 Petrol 95RON Small Car 4.9 113 2014 9 122
29 Renault 5 Petrol 95RON Small Car 4.9 113 2014 9 122
30 Mazda 5 Petrol 91RON Small Car 4.9 114 2014 9 123
31 MINI 5 Petrol 95RON Small Car 4.9 114 2014 9 123
32 Fiat 4 Petrol 95RON Small Car 5 115 2013 9 124
33 Ford 5 Petrol 91RON Small Car 4.9 115 2013 9 124
34 MINI 4 Petrol 95RON Small Car 4.9 115 2014 9 124
35 Mitsubishi 5 Petrol 91RON Small Car 4.9 115 2014 9 124
36 MINI 5 Petrol 95RON Small Car 5 116 2014 9 125
37 MINI 5 Petrol 95RON Small Car 5 117 2014 9 126
38 MINI 4 Petrol 95RON Small Car 5 117 2014 9 126
39 Fiat 4 Petrol 95RON Small Car 5 118 2013 9 127
40 Fiat 4 Petrol 95RON Small Car 5.1 119 2013 9 128
41 MINI 5 Petrol 95RON Small Car 5.1 119 2014 9 128
Emission Analysis for Small Cars (Petrol) sold in Australia (Source: Green Vehicle Guide)
Appendix- 3: Vehicle Emission Assessment using Green Vehicle 
Guide (Example) 
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42 Fiat 5 Petrol 95RON Small Car 5.2 120 2013 9 129
43 Fiat 5 Petrol 95RON Small Car 5.2 120 2013 9 129
44 Renault 5 Petrol 95RON Small Car 5.2 120 2013 9 129
45 Ford 5 Petrol 91RON Small Car 5.3 121 2013 10 131
46 Mazda 5 Petrol 91RON Small Car 5.2 121 2014 9 130
47 Audi 5 Petrol 95RON Small Car 5.3 122 2012 10 132
48 Audi 5 Petrol 95RON Small Car 5.3 122 2012 10 132
49 Suzuki 4 Petrol 95RON Small Car 5.2 124 2012 9 133
50 Suzuki 4 Petrol 95RON Small Car 5.2 124 2012 9 133
51 Fiat 5 Petrol 95RON Small Car 5.4 124 2013 10 134
52 Holden 5 Petrol 91RON Small Car 5.2 125 2012 9 134
53 Renault 5 Petrol 95RON Small Car 5.4 125 2014 10 135
54 Alfa Romeo 5 Petrol 95RON Small Car 5.5 126 2011 10 136
55 Audi 5 Petrol 95RON Small Car 5.4 126 2012 10 136
56 Audi 5 Petrol 95RON Small Car 5.4 126 2012 10 136
57 Mazda 5 Petrol 91RON Small Car 5.4 126 2014 10 136
58 MINI 4 Petrol 95RON Small Car 5.5 127 2014 10 137
59 Mazda 5 Petrol 91RON Small Car 5.5 128 2014 10 138
60 Alfa Romeo 5 Petrol 95RON Small Car 5.6 129 2013 10 139
61 Citroen 5 Petrol 95RON Small Car 5.6 129 2015 10 139
62 Citroen 5 Petrol 95RON Small Car 5.6 129 2015 10 139
63 MINI 5 Petrol 95RON Small Car 5.5 129 2014 10 139
64 Suzuki 5 Petrol 91RON Small Car 5.5 132 2011 10 142
65 Suzuki 5 Petrol 91RON Small Car 5.5 132 2011 10 142
66 Suzuki 5 Petrol 91RON Small Car 5.5 132 2011 10 142
67 Fiat 5 Petrol 95RON Small Car 5.7 132 2013 10 142
68 Volkswagen 5 Petrol 98RON Small Car 5.7 132 2015 10 142
69 Kia 5 Petrol 91RON Small Car 5.6 133 2012 10 143
70 Kia 5 Petrol 91RON Small Car 5.6 133 2013 10 143
71 Toyota 5 Petrol 91RON Small Car 5.7 134 2011 10 144
72 Toyota 5 Petrol 91RON Small Car 5.7 134 2011 10 144
73 MINI 4 Petrol 95RON Small Car 5.8 134 2015 10 144
74 Peugeot 5 Petrol 95RON Small Car 5.8 134 2012 10 144
75 Proton 5 Petrol 95RON Small Car 5.7 134 2009 10 144
76 Proton 5 Petrol 95RON Small Car 5.7 134 2009 10 144
77 Kia 5 Petrol 91RON Small Car 5.7 135 2012 10 145
78 Peugeot 5 Petrol 95RON Small Car 5.8 135 2012 10 145
79 Fiat 4 Petrol 95RON Small Car 5.8 135 2010 10 145
80 Honda 5 Petrol 91RON Small Car 5.8 135 2014 10 145
81 Honda 5 Petrol 91RON Small Car 5.8 135 2014 10 145
82 Honda 5 Petrol 91RON Small Car 5.8 135 2014 10 145
83 Renault 5 Petrol 95RON Small Car 5.9 135 2015 11 146
84 Hyundai 5 Petrol 91RON Small Car 5.7 136 2015 10 146
85 Hyundai 5 Petrol 91RON Small Car 5.7 136 2015 10 146
128Average Emission of 85 Small Car (Petrol) models sold in Australia:
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Sl. No. Make Seating 
Capacity
Fuel Type Vehicle Class Fuel 
Consumption 
(L/100km)
Tail Pipe 
Emission 
(g/km)
Model   
Release Year
Energy 
Consumption 
(Wh/km)
Fuel 
Production 
Emission 
(g/km)
Emission, 
g/km         
(Fuel 
production + 
Tail Pipe)
1 Toyota 5 Electric/Petrol 
95RON
Medium Car 3.9 89 2009 NA 7 96
2 Toyota 5 Electric/Petrol 
95RON
Medium Car 3.9 90 2012 NA 7 97
3 Lexus 5 Electric/Petrol 
95RON
Medium Car 4.1 95 2014 NA 7 102
4 Honda 5 Electric/Petrol 
91RON
Medium Car 4.3 103 2012 NA 8 111
5 Honda 5 Electric/Petrol 
91RON
Medium Car 4.3 103 2012 1 8 111
6 BMW 4 Plug-in 
Electric/Petrol 
95RON
Small Car; Medium 
Car
0.6 13 2014 115 118 131
7 Audi 5 Plug-in 
Electric/Petrol 
95RON
Medium Car 1.6 37 2015 116 121 158
8 Audi 5 Plug-in 
Electric/Petrol 
95RON
Medium Car 1.7 39 2015 124 130 169
9 Toyota 7 Electric/Petrol 
95RON
Medium Car; Large 
Car; 6+ Seats
4.4 101 2015 NA 8 109
120Average Emission of 9 Medium (Electric-Petrol/Diesel) Car models sold in Australia:
Emission Analysis for Medium (Electric-Petrol/Diesel) Cars sold in Australia (Source: Green Vehicle Guide)
Sl. No. Make Seating 
Capacity
Fuel Type Vehicle 
Class
Fuel 
Consumption 
(L/100km)
Tail Pipe 
Emission 
(g/km)
Model   
Release 
Year
Energy 
Consumption 
(Wh/km)
Fuel 
Production 
Emission 
(g/km)
Emission, 
g/km         
(Fuel 
production + 
Tail Pipe)
1 Tesla 5 Pure Electric Large Car 0 0 2014 181 185 185
2 Tesla 5 Pure Electric Large Car 0 0 2015 217 221 221
3 Tesla 5 Pure Electric Large Car 0 0 2014 181 185 185
4 Tesla 5 Pure Electric Large Car 0 0 2015 217 221 221
5 Tesla 5 Pure Electric Large Car 0 0 2014 181 185 185
6 Tesla 5 Pure Electric Large Car 0 0 2015 238 243 243
207
Emission Analysis of Large (Electric) Cars sold in Australia (Source: Green Vehicle Guide)
Average Emission of 6 Large (Electric) Car models sold in Australia:
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Appendix- 4 : Road Matrix and Condition Graph from Chartview 
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18A, Ch. 36-37, Carriageway-2 (Gazettal) Current NRM = 73
Real Discount Rate (%) - 7 Inflation Rate (%) - 0
Treatment-1 Treatment-2
Rehab_A-1 Rehab_A-2
Year AADT Treat Cost NRM Treat Cost NRM
2015/2016 10666 4500 30 4500 30
2016/2017 10911.32 4500 31.1 4500 31.1
2017/2018 11156.64 4500 32.4 4500 32.4
2018/2019 11401.96 4500 33.8 4500 33.8
2019/2020 11647.27 4500 35.2 4500 35.2
2020/2021 11892.59 4500 36.7 4500 36.7
2021/2022 12137.91 4500 38.2 4500 38.2
2022/2023 12383.23 4500 39.7 4500 39.7
2023/2024 12628.55 4500 41.2 4500 41.2
2024/2025 12873.87 4500 42.8 4500 42.8
2025/2026 13119.18 45AC14 387196.2 50 4500 44.4
2026/2027 13364.5 4500 51.4 4500 46.6
2027/2028 13609.82 4500 52.9 4500 48.8
2028/2029 13855.14 4500 54.4 4500 51.1
2029/2030 14100.46 4500 55.9 COR+45AC14 487540.8 45
2030/2031 14345.78 4500 57.4 4500 46.1
2031/2032 14591.09 4500 59 4500 47.4
2032/2033 14836.41 4500 60.6 4500 48.8
2033/2034 15081.73 4500 62.2 4500 50.2
2034/2035 15327.05 4500 63.8 4500 51.7
2035/2036 15572.37 4500 65.4 4500 53.2
2036/2037 15817.69 4500 67 4500 54.7
2037/2038 16063 4500 68.6 4500 56.2
2038/2039 16308.32 4500 70.3 4500 57.8
2039/2040 16553.64 4500 72 4500 59.4
2040/2041 16798.96 RehabA 1151626 45 Rehab-A 1151626 45
2041/2042 17044.28 4500 46.1 4500 46.1
2042/2043 17289.6 4500 47.4 4500 47.4
2043/2044 17534.91 4500 48.8 4500 48.8
2044/2045 17780.23 4500 50.2 4500 50.2
2045/2046 18025.55 4500 51.7 4500 51.7
2046/2047 18270.87 4500 53.2 4500 53.2
2047/2048 18516.19 4500 54.7 4500 54.7
2048/2049 18761.51 4500 56.2 4500 56.2
2049/2050 19006.82 4500 57.8 4500 57.8
2050/2051 19252.14 4500 59.4 4500 59.4
2051/2052 19497.46 4500 61 4500 61
2052/2053 19742.78 4500 62.6 4500 62.6
2053/2054 19988.1 4500 64.2 4500 64.2
2054/2055 20233.42 45AC14 387196.2 50 45AC14 387196.2 50
2055/2056 20478.73 4500 51.4 4500 51.4
2056/2057 20724.05 4500 52.9 4500 52.9
2057/2058 20969.37 4500 54.4 4500 54.4
2058/2059 21214.69 4500 55.9 4500 55.9
2059/2060 21460.01 4500 57.4 4500 57.4
2060/2061 21705.33 4500 59 4500 59
2061/2062 21950.64 4500 60.6 4500 60.6
2062/2063 22195.96 4500 62.2 4500 62.2
2063/2064 22441.28 4500 63.8 4500 63.8
2064/2065 22686.6 4500 65.4 4500 65.4
AVG AADT 16,676        
Avg NRM 53.27 50.28
Total Cost 2,137,518   2,237,863             
Benefit - 25,276         53,708                   
Cost - 7,347           135                         
BCR - 3.44 397.1
NPV - 17,929         53,573                   
Appendix- 5 : Road Treatment Prioritization and RUGF Assessment (Example) 
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18A, Ch. 36-37, Carriageway-2 (Gazettal) Current NRM = 73
Real Discount Rate (%) - 7 Inflation Rate (%) - 0
Treatment-3 Treatment-4 Treatment-5
Rehab_A-3 Rehab_A-4 Rehab_A-5
Year AADT Treat Cost NRM Treat Cost NRM Treat Cost NRM
2015/2016 10666 4500 30 4500 30 4500 30
2016/2017 10911.32 4500 31.1 4500 31.1 4500 31.1
2017/2018 11156.64 4500 32.4 4500 32.4 4500 32.4
2018/2019 11401.96 4500 33.8 4500 33.8 4500 33.8
2019/2020 11647.27 4500 35.2 4500 35.2 4500 35.2
2020/2021 11892.59 4500 36.7 4500 36.7 4500 36.7
2021/2022 12137.91 4500 38.2 4500 38.2 4500 38.2
2022/2023 12383.23 4500 39.7 4500 39.7 4500 39.7
2023/2024 12628.55 4500 41.2 4500 41.2 4500 41.2
2024/2025 12873.87 4500 42.8 4500 42.8 COR+S 164550.6 17.8
2025/2026 13119.18 COR+S 164550.6 19.4 4500 44.4 4500 18.9
2026/2027 13364.5 4500 20.5 4500 46.6 4500 20.2
2027/2028 13609.82 4500 21.8 4500 48.8 4500 21.6
2028/2029 13855.14 4500 23.2 4500 51.1 4500 23
2029/2030 14100.46 4500 24.6 4500 53.4 4500 24.5
2030/2031 14345.78 45AC14 387196.2 50 4500 55.7 4500 26
2031/2032 14591.09 4500 51.4 4500 58 4500 27.5
2032/2033 14836.41 4500 52.9 RehabA 1151626 45 COR+45AC14 487540.8 45
2033/2034 15081.73 4500 54.4 4500 46.1 4500 46.1
2034/2035 15327.05 4500 55.9 4500 47.4 4500 47.4
2035/2036 15572.37 4500 57.4 4500 48.8 4500 48.8
2036/2037 15817.69 4500 59 4500 50.2 4500 50.2
2037/2038 16063 4500 60.6 4500 51.7 4500 51.7
2038/2039 16308.32 4500 62.2 4500 53.2 4500 53.2
2039/2040 16553.64 4500 63.8 4500 54.7 4500 54.7
2040/2041 16798.96 RehabA 1151626 45 4500 56.2 4500 56.2
2041/2042 17044.28 4500 46.1 4500 57.8 4500 57.8
2042/2043 17289.6 4500 47.4 4500 59.4 RehabA 1151626 45
2043/2044 17534.91 4500 48.8 4500 61 4500 46.1
2044/2045 17780.23 4500 50.2 4500 62.6 4500 47.4
2045/2046 18025.55 4500 51.7 4500 64.2 4500 48.8
2046/2047 18270.87 4500 53.2 45AC14 387196.2 50 4500 50.2
2047/2048 18516.19 4500 54.7 4500 51.4 4500 51.7
2048/2049 18761.51 4500 56.2 4500 52.9 4500 53.2
2049/2050 19006.82 4500 57.8 4500 54.4 4500 54.7
2050/2051 19252.14 4500 59.4 4500 55.9 4500 56.2
2051/2052 19497.46 4500 61 4500 57.4 4500 57.8
2052/2053 19742.78 4500 62.6 4500 59 4500 59.4
2053/2054 19988.1 4500 64.2 4500 60.6 4500 61
2054/2055 20233.42 45AC14 387196.2 50 4500 62.2 4500 62.6
2055/2056 20478.73 4500 51.4 4500 63.8 4500 64.2
2056/2057 20724.05 4500 52.9 4500 65.4 45AC14 387196.2 50
2057/2058 20969.37 4500 54.4 4500 67 4500 51.4
2058/2059 21214.69 4500 55.9 4500 68.6 4500 52.9
2059/2060 21460.01 4500 57.4 4500 70.3 4500 54.4
2060/2061 21705.33 4500 59 4500 72 4500 55.9
2061/2062 21950.64 4500 60.6 4500 74 4500 57.4
2062/2063 22195.96 4500 62.2 RehabA 1151626 45 4500 59
2063/2064 22441.28 4500 63.8 4500 46.1 4500 60.6
2064/2065 22686.6 4500 65.4 4500 47.4 4500 62.2
AVG AADT 16,676       
Avg NRM 48.59 52.02 45.42
Total Cost 2,297,569     2,901,948     2,397,914      
Benefit - 37,548           43,600           42,848            
Cost - 32,872           2,775             21,178            
BCR - 1.14 15.71 2.02
NPV - 4,676              40,825           21,670            
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Fuel Consumption Factor (FC) Roughness Oriented
         vn
FC = ∑ [∆IRI*FCC* DT*PV*L*EF* {1 +(SLA+TFA+GA)/100} ]……………………………………………….(5.3)
             v1
v1……. vn = Vehicle types  e.g. fos s i l  fuel  car, e lectric car, rigid truck and articulated truck
∆IRI  = Cha nge in IRI [{(Intervention leve l  IRI1 – Ba se  l eve l  IRI)/2 + ………….. + (Intervention level  IRIm – Base level  IRI)/2}/m], m = No. of treatment cycles  over the analys is  period.  
DT = De si gn traffic (a verage/per lane) for the  a ss essment period
PV = Pe rcent of speci fic vehicle type 
L = Length of road section (l ane-km)
EF = GHG emiss ion fa ctor for the fuel  type (a verage of di fferent types of fuels  based 
        on loca l  condition asse ss me nt)
SLA = Speed leve l  adjustment (% change of fuel  consumption for higher spee d level  due to better road condition after maintenance, i f any)
TFA = Traffic-fl ow a djus tment (% de crea se  of fuel  cons umption due to reduced 
        conges tion for improved traffic-flow condition, i f any)
GA = Gradient adjus tment (% decrease of fuel  cons umption due to i mprovement of 
       Gradi ent, i f a ny, for higher level  of intervention s uch as  road rehabi l i tati on) 
18A, Ch 36km-37km Fuel Consumption Increase per IRI FCI
1% per IRI for Car/M. Cycle 0.01
1% per IRI for Big Car 0.01 SLA, TFA, GA taken as '0'
0.9% per IRI for bus/truck 0.009
0.8% per IRI for Big truck 0.008
Design Traffic = %, Share DTS Emission (g/km) CO2 GWP, g/km
Small cars + Motorcycles = 45 0.45 Car/M Cycle = 106
Big Cars/Others = 37 0.37 Big Cars/Others = 173
Bus/truck 8 0.08 Bus/truck 718
Big truck 10 0.10 Big truck 1438
100 1.00
Treatment-1 Rehab_A-1 Treatment-2 Rehab_A-2
Benchmark Roughness (IRI) Avg NRM Avg IRI IRI Difference Avg NRM Avg IRI IRI Difference
1 53.27 2.06 1.06 50.28 1.95 0.95
L = 1km Other factors constant = 1  AADT = 16676 Life Cycle (LC), Years= 50
FCC = ∆IRI x(Small car  + Big car + Bus/truck + Ariculated truck) 
 ∆IRI = 1.06 Treatment-1 Rehab_A-1  ∆IRI = 0.95 Treatment-2 Rehab_A-2
FCC (Car) = ( ∆IRI x FCI x GWP) x (AADT xDTSx LC x 365) FCC (Car) = ( ∆IRI x FCI x GWP) x (AADT xDTSx LC x 365)
 = 15523558847 gm CO2  = 1.39E+10 gm CO2
 = 15524 ton CO2  = 13869 ton CO2
FCC (Big Car)  = 20831509471 gm CO2 FCC (Big Car)  = 1.86E+10 gm CO2
 = 20832 ton CO2  = 18611 ton CO2
Bus/Truck  = 18674850637 gm CO2 Bus/Truck  = 1.67E+10 gm CO2
 = 18675 ton CO2  = 16684 ton CO2
Big Truck  = 46705815311 gm CO2 Big Truck  = 4.17E+10 gm CO2
 = 46706 ton CO2  = 41726 ton CO2
Treatment- 1 Base: CO2 Ton/Km Treatment- 2 Rehab_A : CO2 Ton/Km
Total Emission = 101736 ton CO2 Total Emission = 90890 ton CO2
FCC = Increa se  in fuel  cons umption (Li tre/Ve hicle Km) for i ncreas e of per unit of IRI (from the ba se  l evel  IRI i .e. the IRI immediately after constructi on/reconstruction/major 
reha bi l i tation).  
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Tyre Wear Factor (TW) Roughness Oriented
         vn
TW = ∑ TCC* (LIRI-1)* MF*DT*PV*L*EF  ……………….………………………………..……………………………..… (5.5)
             v1
v1……. vn = Vehicle type e.g. car, rigid truck and articulated truck
TCC = Tyre consumption (%/Vehicle Km) for the posted speed level at baseline IRI of 1%
MF = Multiplying factor for IRI change (LIRI-1) from the baseline of 1% at the posted speed level .
DT = Design traffic (average/per lane) for the assessment period.
PV = Percent of specific vehicle type.
L = Length of road section (lane-km).
EF = GHG emission factor for the Tyre type (average of different types of tyres for the particular vehicle class based on local tyre use/demand assessment).
Vehicle 
Class
Share Tyre 
GWP 
(Kg)
No. of Tyres Baseline 
Condition 
(%/km)
Avg. 
increase/
IRI, %
Vehicle 
Class
Share Tyre 
GWP 
(Kg)
No. of 
Tyres
Baseline 
Conditio
n (%/km)
Avg. 
increase/
IRI, %
S, % C N W I S, % C N W I
Motor Cycle 4 11.4 2 0.0014 1.3 Motor Cycle 4 11.4 2 0.0014 1.3
Car 41 22.8 4 0.0014 1.3 Car 41 22.8 4 0.0014 1.3
Big Car 37 45.6 4 0.0018 1.2 Big Car 37 45.6 4 0.0018 1.2
Bus/Truck 8 114 10 0.0008 1.1 Bus/Truck 8 114 10 0.0008 1.1
AT/RT 10 114 30 0.0008 1.1 AT/RT 10 114 30 0.0008 1.1
Treatment- 1 Rehab_A Life Cycle (LC)= 50 Treatment- 2 Rehab_GS Life Cycle (LC)= 50
 ∆IRI = 1.06 AADT = 16676.3  ∆IRI = 0.95 AADT = 16676.3
TW (MC) = ( ∆IRI x W x I x C) x (AADT x S x N x LC x 365) TW (MC) = ( ∆IRI x W x I x C) x (AADT x S x N x LC x 365)
 = 4167.579 kg CO2  = 3723.27 kg CO2
 = 4.168 ton CO2  = 3.72 ton CO2
TW (Car)  = 170870.746 gm CO2 TW (Car)  = 152654.12 gm CO2
 = 170.871 ton CO2  = 152.65 ton CO2
TW (SUV)  = 396123.963 gm CO2 TW (SUV)  = 353892.96 gm CO2
 = 396.124 ton CO2  = 353.89 ton CO2
Bus/Truck  = 237677.199 gm CO2 Bus/Truck  = 212338.30 gm CO2
 = 237.677 ton CO2  = 212.34 ton CO2
Big Truck  = 891289.496 gm CO2 Big Truck  = 796268.6 gm CO2
 = 891.289 ton CO2  = 796.27 ton CO2
Treatment- 1 Base: CO2 Ton/Km Treatment- 2 Rehab_A: CO2 Ton/Km
Total Emission = 1304 ton CO2 Total Emission = 1165 ton CO2
LIRI = Life average IRI, m/km [{(Intervention level IRI1 – Base level IRI)/2 + ………….. + (Intervention level  IRIn – Base level IRI)/2}/m], m = No. of treatment cycles 
over the analysis period.  
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Vehicle 
Class
Share Tyre 
GWP 
(Kg)
No. of 
Tyres
Baseline 
Conditio
n (%/km)
Avg. 
increase/
IRI, %
Vehicle 
Class
Share Tyre 
GWP 
(Kg)
No. of 
Tyres
Baseline 
Conditio
n (%/km)
Avg. 
increase/
IRI, %
S, % C N W I S, % C N W I
Motor Cycle 4 11.4 2 0.0014 1.3 Motor Cycle 4 11.4 2 0.0014 1.3
Car 41 22.8 4 0.0014 1.3 Car 41 22.8 4 0.0014 1.3
Big Car 37 45.6 4 0.0018 1.2 Big Car 37 45.6 4 0.0018 1.2
Bus/Truck 8 114 10 0.0008 1.1 Bus/Truck 8 114 10 0.0008 1.1
AT/RT 10 114 30 0.0008 1.1 AT/RT 10 114 30 0.0008 1.1
Treatment-3 Rehab_A-2 Treatment-4 Rehab_A-2
 ∆IRI = 0.88 AADT = 16676.3  ∆IRI = 1.01 AADT = 16676.3
TW (MC) = ( ∆IRI x W x I x C) x (AADT x S x N x LC x 365) TW (MC) = ( ∆IRI x W x I x C) x (AADT x S x N x LC x 365)
 = 3472.73 kg CO2  = 3981.83 kg CO2
 = 3.47 ton CO2  = 3.98 ton CO2
TW (Car)  = 142382.13 gm CO2 TW (Car)  = 163255.10 gm CO2
 = 142.38 ton CO2  = 163.26 ton CO2
TW (SUV)  = 330079.76 gm CO2 TW (SUV)  = 378468.86 gm CO2
 = 330.08 ton CO2  = 378.47 ton CO2
Bus/Truck  = 198050.21 gm CO2 Bus/Truck  = 227084.01 gm CO2
 = 198.05 ton CO2  = 227.08 ton CO2
Big Truck  = 742688.28 gm CO2 Big Truck  = 851565.0 gm CO2
 = 742.69 ton CO2  = 851.57 ton CO2
Treatment- 3 Rehab_GA: CO2 Ton/Km Treatment- 4 Rehab_GS: CO2 Ton/Km
Total Emission = 1087 ton CO2 Total Emission = 1246 ton CO2
Vehicle 
Class
Share Tyre 
GWP (Kg)
No. of 
Tyres
Baseline 
Conditio
n (%/km)
Avg. 
increase/
IRI, %
S, % C N W I
Motor Cycle 4 11.4 2 0.0014 1.3
Car 41 22.8 4 0.0014 1.3
Big Car 37 45.6 4 0.0018 1.2
Bus/Truck 8 114 10 0.0008 1.1
AT/RT 10 114 30 0.0008 1.1
Treatment- 5 Rehab_A-2
 ∆IRI = 0.762552 AADT = 16676.3
TW (MC) = ( ∆IRI x W x I x C) x (AADT x S x N x LC x 365)
 = 3001.68 kg CO2
 = 3.00 ton CO2
TW (Car)  = 123068.85 gm CO2
 = 123.07 ton CO2
TW (SUV)  = 285306.43 gm CO2
 = 285.31 ton CO2
Bus/Truck  = 171185.89 gm CO2
 = 171.19 ton CO2
Big Truck  = 641947.08 gm CO2
 = 641.95 ton CO2
Treatment- 5 Rehab_FBA
Total Emission = 939.20 ton CO2
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 Material Factor (MF)
MF = MP + MT + MP  ………………...….…..………………………… 5.11)
MP =  Material Production
         Mn
MP = ∑ [V*EF] …………………………………………………………..… (5.12)
             M1
Where,
M1……. Mn = Construction material type e.g. unbound, dense graded asphalt, sprayed seal, micro-surfacing etc.
V = Volume of each construction material
EF = GHG emission factor for the material type (includes both extraction and production)
The EF includes prodction + transportation + laying EF in t Co2-e/sqm
18A, Ch. 20km to 21km 50 years analysis
Treatmet Total EF
No. EF No. EF No. EF No. EF No. EF No. EF No. EF No. EF No. EF No. EF
Rehab_A-1 2 0.0083 0.0031 0.0077 0.0227 0.0121 0.0177 0.0276 0.0332 1 0.0523 0.0129 0.069
Rehab_A-2 1 0.0083 0.0031 0.0077 0.0227 0.0121 0.0177 0.0276 0.0332 1 0.0523 1 0.0129 0.074
Rehab_A-3 2 0.0083 0.0031 1 0.0077 0.0227 0.0121 0.0177 0.0276 0.0332 1 0.0523 0.0129 0.077
Rehab_A-4 1 0.0083 0.0031 0.0077 0.0227 0.0121 0.0177 0.0276 0.0332 2 0.0523 0.0129 0.113
Rehab_A-5 1 0.0083 0.0031 1 0.0077 0.0227 0.0121 0.0177 0.0276 0.0332 1 0.0523 1 0.0129 0.081
Base < Rehab-GS < Rehab-SS<Rehab-FBS < Rehab-FBS < Rehab-GA < Rehab-FBA
AC4514 Reseal COR+Seal RehabSS RehabGS RehabGA RehabFBS RehabFBA Rehab-A COR+45AC14
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Albedo Factor, AF = RF + HIE 
RF = Radiative Forcing
RF = ∆ɑ x A x KRF x 100 ………………………………………………………………………. (5.9)
∆ɑ = Change in albedo [(Albedo of new surfacing – Albedo of pavement before resurfacing)/2] 
A = Surface area of pavement (m2)
             
Average Albedo: Seal =  0.1 - 0.24 (Avg- 0.15)
Asphalt =  0.05 - 0.15 (Avg- 0.1)
The pavement is last surfaced in 2001, so it has a good reflectivity with an assumed Albedo of 0.1 
Treatment AC Seal ∆ɑ A, sqm KRF, kg/sqm RF, Kg RF, Ton                                 
(To be deducted)
Rehab_A-1 3 0 0 10000 2.55 0 0
Rehab_A-2 3 0 0 10000 2.55 0 0
Rehab_A-3 3 1 0.0125 10000 2.55 31875 31.875
Rehab_A-4 3 0 0 10000 2.55 0 0
Rehab_A-5 3 1 0.0125 10000 2.55 31875 31.875
RF = GWP for radiative forcing can be negative (CO2e offset) or positive based on increase or 
decrease of albedo respectively over the service life of the pavement. 
KRF = CO2e offset constant, which is 2.55 kg/m2 as a one-time offset over the life of 
pavement, usually considered 25 to 50 years, for 0.1 increase of albedo (Akbari et al., 2009)
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HIE  = Heat Island Effect
HIE = ∆ɑ x A x t x KHIE x 100 ………………………………… (5.10)
∆ɑ = Change in albedo [(Albedo of new surfacing – Albedo of pavement before resurfacing)/2] 
A = Surface area of pavement (m2)
T = Time (year)
KHIE = CO2e offset constant, which is 4.85 g/m2 per year for 0.1 increase of albedo (Santero and Horvath, 2009)
Average Albedo: Seal =  0.1 - 0.24 (Avg- 0.15)
Asphalt =  0.05 - 0.15 (Avg- 0.1)
The pavement is last surfaced in 2001, so it has a good reflectivity with an assumed Albedo of 0.1 
Treatment ∆ɑ A, sqm KHIE, 
g/sqm
ton, 
year
HIE, g HIE, Ton                            
(To be deducted)
Rehab_A-1 0 10000 4.85 50 0 0
Rehab_A-2 0 10000 4.85 50 0 0
Rehab_A-3 0.0125 10000 4.85 50 3031250 3.03125
Rehab_A-4 0 10000 4.85 50 0 0
Rehab_A-5 0.0125 10000 4.85 50 3031250 3.03125
HIE = GWP for cooling demand can be negative or positive based on increase or decrease of 
albedo respectively over the service life of the pavement. 
Treatment FC TW RF HIE MF TOTAL RUGF 
Ranking
Rehab_A-1 ton CO2 101,736   1,304     -    -   551         103,591  5
Rehab_A-2 ton CO2 90,890     1,165     -    -   588         92,643    3
Rehab_A-3 ton CO2 84,774     1,087     32      3       613         86,441    2
Rehab_A-4 ton CO2 97,201     1,246     -    -   903         99,350    4
Rehab_A-5 ton CO2 73,275     939        32      3       650         74,832    1
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Schemes :  IS (Australia), Envision (USA), and CEEQUAL (UK).
Phase:  Planning and Design
How to Read: 
Abbreviations:
IS IS IS IS IS IS IS
ENV ENV EN ENV ENV ENV ENV
CEQ CEQ CEQ CEQ CEQ CEQ
Man & Gov Management System Man-1 Sustainability leadership and commitment 1.07 1.02
Lead Collaboration LD1.1 Provide effective leadership and commitment 17.00 2.01
Project management 1.1.1 Basic principles 6.00 0.46
Man & Gov Management System Man-2 Management system accrediation 0.43 0.41
Lead Collaboration LD1.2 Establish a sustainability management system 14.00 1.66
Man & Gov Management System Man-3 Risk and opportunity management 0.86 0.82
Lead Management LD2.1 Pursue byproduct synergy opportunities 15.00 1.78
Project management 1.1.3 Basic principles 10.00 0.77
Project management 1.4.6 Delivering performance on environmental and socal aspects of the project8.00 0.62
Man & Gov Management System Man-4 Organisational structure, roles and responsibilities 1.07 1.02
Lead Management LD2.2 Improve infrastructure integration 16.00 1.89
Project management 1.1.2 Basic principles 8.00 0.62
Project management 1.2.1 Environmental management 6.00 0.46
Themes Category Credit No. Credit Description Points Available Weightage (% Point) Cumulative (% Point)
Man & Gov : Management and Governance,  Using Res : Using Resource, Em Pol Wst :  Emission, Polution & Waste, Pep & Plce : People and Place   
Qlt lfe : Quality of Life, Lead : Leadership, Res Alct : Resource Allocation, Nat Wld : Natural World,  Cli & Risk : Climate & Risk 
The Credits of IS and Envision, and Questions of CEEQUAL are placed in rows simultaneously by labelling with three different colours; black for IS, red for Envision, and
green for CEEQUAL. For better understanding of the map, the schemes are also staggered horizontally. Credits of IS including their abbreviated identification number are
considered as the base one, which are mapped with corresponding Credits of Envision and Questions of CEEQUAL. A few new Credits labelled in blue colour emerge as IS
does not cover the corresponding Envision Credits or CEEQUAL Questions. The hierarchy in the structure of the schemes are followed in the map, and they are placed in
order of IS Theme (Envision's Category; CEEQUAL does not have any Theme), IS Category (Envision's Subcategory and CEEQUAL's Section) and IS Credit (Envision's Credit
and CEEQUAL's Issue- divided into Questions). 'Points Available' column shows actual points assigned to the Credit/Question in the scheme. 'Weightage (% Point)' column
shows the percentage of the Credit/Questions of all the Credits/Questions of the scheme. 'Cumulative (% Point)' column shows the summed up weightage of
Credits/Questions of each Category and Theme.
Appendix- 6 : Mapping of Credits of Three All-Infrastructure Sustainability Rating Schemes 
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Man & Gov Management System Man-5 Inspection and auditing 0.86 0.82
Lead Planning QL3.1 Plan for long-term monitoring and maintenane 10.00 1.18
Project management 1.2.2 Environmental management 6.00 0.46
Man & Gov Management System Man-6 Reporting and review 0.86 0.82
Project management 1.2.3 Environmental management 4.00 0.31
Project management 1.2.4 Environmental management 6.00 0.46
Man & Gov Management System Man-7 Knowledge sharing 2.14 2.04
Lead Collaboration LD1.3 Foster collaboration and teamwork 15.00 1.78
Project management 1.2.5 Environmental management 10.00 0.77
Project management 1.4.3 Delivering performance on environmental and socal aspects of the project8.00 0.62
Man & Gov Management System Man-8 Decision-making 3.21 3.06
Lead Planning LD3.2 Address conflicting regulations and policies 8.00 0.95
Project management 1.2.6 Environmental management 16.00 1.23
Project management 1.4.4 Delivering performance on environmental and socal aspects of the project6.00 0.46
Project management 1.4.5 Delivering performance on environmental and socal aspects of the project8.00 0.62
10.00 11.24 7.87
Man & Gov Procurement and Purchasing Pro-1 Commitment to sustainable procurement 2.50 2.38
Lead Planning QL3.3 Extend useful life 12.00 1.42
Project management 1.3.1 Contractual and procurement process 6.00 0.46
Project management 1.3.3 Contractual and procurement process 10.00 0.77
Man & Gov Procurement and Purchasing Pro-2 Identificaion of suppliers 2.50 2.38
Res Alct Materials RA1.2 Support sustainable procurement practices 9.00 1.07
Project management 1.3.2 Contractual and procurement process 12.00 0.93
4.76 2.49 2.16
Man & Gov Climate Change Adaptation Cli-1 Climate change risk assessment 2.50 2.38
Cli & Rsk Resilience CR2.1 Assess climate threat 15.00 1.78
Cli & Rsk Resilience CR2.2 Avoid traps and vulnerabilities 20.00 2.37
Project management 1.4.1 Delivering performance on environmental and socal aspects of the project14.00 1.08
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Man & Gov Climate Change Adaptation Cli-2 Adaptation options 2.50 2.38
Cli & Rsk Resilience CR2.3 Prepare for long-term adaptability 20.00 2.37
Cli & Rsk Resilience CR2.4 Prepare for short-term hazards 21.00 2.49
Cli & Rsk Resilience CR2.5 Manage heat islands effects 6.00 0.71
Project management 1.4.2 Delivering performance on environmental and socal aspects of the project10.00 0.77 4.76 9.70 1.85
Lead Innovation LD0.0 Innovate or exceed credit requirements 6.00 0.71 0.71
19.52 24.14 11.88
Using Res Energy and Carbon Ene-1 Energy and carbon monitoring and reduction 4.67 4.45
Res Alct Energy RA2.3 Commission and monitor energy systems 11.00 1.30
Cli & Rsk Emission CR1.1 Reduce greenhouse gas emissions 25.00 2.96
Energy and Carbon 7.1.1 Basic principles 10.00 0.77
Energy and Carbon 7.1.2 Basic principles 20.00 1.54
Energy and Carbon 7.1.3 Basic principles 10.00 0.77
Energy and Carbon 7.1.4 Basic principles 20.00 1.54
Using Res Energy and Carbon Ene-2 Energy and carbon reduction opportunities 4.67 4.45
Res Alct Energy RA2.1 Reduce energy consumption 18.00 2.13
Energy and Carbon 7.2.1 Energy consumption and carbon emissions in use 9.00 0.69
Energy and Carbon 7.2.2 Energy consumption and carbon emissions in use 22.00 1.70
Energy and Carbon 7.3.1 Energy and carbon performance on site 4.00 0.31
Energy and Carbon 7.3.3 Energy and carbon performance on site 12.00 0.93
Using Res Energy and Carbon Ene-3 Renewable energy 1.17 1.11
Res Alct Energy RA2.2 Use renewable energy 20.00 2.37
Energy and Carbon 7.2.3 Energy consumption and carbon emissions in use 7.00 0.54
Energy and Carbon 7.2.4 Energy consumption and carbon emissions in use 22.00 1.70
10.01 8.76 10.49
Using Res Water Wat-1 Water use monitoring and reduction 2.92 2.78
Res Alct Water RA3.3 Monitor water systems 11.00 1.30
Water resources and the water enviroment6.2.1 Legal requirements 6.00 0.46
Water resources and the water enviroment6.3.1 Minimising water usage 20.00 1.54
242 │Page│  
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
 
 
Using Res Water Wat-2 Water saving opportunities 1.75 1.67
Water resources and the water enviroment6.4.3 Protection of the water environement 4.00 0.31
Water resources and the water enviroment6.4.4 Protection of the water environement 16.00 1.23
Water resources and the water enviroment6.5.2 Enhancement of the water environment 8.00 0.62
Using Res Water Wat-3 Replace potable water 2.33 2.22
Res Alct Water RA3.2 Reduce potable water consumption 21.00 2.49
Water resources and the water enviroment6.5.1 Enhancement of the water environment 16.00 1.23
Wat-4 Protect fresh water availabilty
Res Alct Water RA3.1 Protect fresh water availability 21.00 2.49
6.67 6.27 5.40
Using Res Materials Mat-1 Materials lifecycle impact measurement and reduction7.00 6.67
Res Alct Materials RA1.1 Reduce net embodied energy 18.00 2.13
Res Alct Materials RA1.3 Use recycled materials 14.00 1.66
Res Alct Materials RA1.4 Use regional materials 10.00 1.18
Material use 8.1.1 Basic principles 6.00 0.46
Material use 8.2.1 Minimising material use and waste 6.00 0.46
Material use 8.2.2 Minimising material use and waste 6.00 0.46
Material use 8.2.3 Minimising material use and waste 4.00 0.31
Material use 8.3.1 Responible sourcing of materials 4.00 0.31
Material use 8.3.2 Responible sourcing of materials 8.00 0.62
Material use 8.3.3 Responible sourcing of materials 12.00 0.93
Material use 8.5.1 Using re-used and/or recycled materials 6.00 0.46
Material use 8.5.2 Using re-used and/or recycled materials 12.00 0.93
Material use 8.5.3 Using re-used and/or recycled materials 10.00 0.77
Material use 8.7.1 Durability and maintenance 6.00 0.46
Material use 8.7.2 Durability and maintenance 4.00 0.31
Mat-2 Environal application of timber and hazardous materials
Material use 8.4.1 Timber 12.00 0.93
Material use 8.6.1 Minimizing use and impacts of hazardous materials 4.00 0.31
Material use 8.6.2 Minimizing use and impacts of hazardous materials 6.00 0.46
6.67 4.97 8.18
Res Alct Innovation RA0.0 Innovate or exceed credit requirements 9.00 1.07 1.07
23.34 21.07 24.07
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Em Pol Wst Discharges to air, land and waterDis-1 Receiving water quality 2.92 2.78
Nat Wld L&W NW2.1 Manage stormwater 21.00 2.49
Nat Wld L&W NW2.3 Prevent surface and groundwater contamination 18.00 2.13
6.1.1(a) Basic principles 15.00 1.16
6.4.1 Protection of the water environment 8.00 0.62
6.4.2 Protection of the water environment 10.00 0.77
6.4.6 Protection of the water environment 6.00 0.46
Em Pol Wst Discharges to air, land and waterDis-2 Noise 2.33 2.22
Effects on neighbours 11.3.1(a) Noise and vibration 4.00 0.31
Effects on neighbours 11.3.2(a) Noise and vibration 2.00 0.15
Qlt lfe Community QL2.2 Minimize noise and vibration 5.50 0.65
Em Pol Wst Discharges to air, land and waterDis-3 Vibration 2.33 2.22
Qlt lfe Community QL2.2 Minimize noise and vibration 5.50 0.65
Effects on neighbours 11.3.4(a) Noise and vibration 4.00 0.31
Effects on neighbours 11.3.5(a) Noise and vibration 2.00 0.15
Em Pol Wst Discharges to air, land and waterDis-4 Air quality 2.33 2.22
Cli & Rsk Emission CR1.2 Reduce air pollutant emissions 15.00 1.78
Effects on neighbours 11.4.1(a) Air pollution, including dust and odours 6.00 0.46
Effects on neighbours 11.4.1(c) Air pollution, including dust and odours 4.00 0.31
Em Pol Wst Discharges to air, land and waterDis-5 Light polution 0.58 0.55
Qlt lfe Community QL2.3 Minimize light pollution 11.00 1.30
Effects on neighbours 11.5.1(a) Light pollution 3.00 0.23
Effects on neighbours 11.5.2 Light pollution 2.00 0.15
Dis-6 Mitigation of nuisance to neighbours
Effects on neighbours 11.1.1(a) Basic principles 3.00 0.23
Effects on neighbours 11.1.2 Basic principles 14.00 1.08
9.99 8.99 6.40
Em Pol Wst Land Lan-1 Previous land use 2.50 2.38
Nat Wld Siting NW1.7 Preserve greenfields 23.00 2.72
Nat Wld Siting NW1.3 Preserve prime farmland 15.00 1.78
Land use 2.1.3 Basic principles 6.00 0.46
Land use 2.1.4 Basic principles 8.00 0.62
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Em Pol Wst Land Lan-2 Conservation of on site resources 0.50 0.48
Nat Wld Siting NW1.4 Avoid adverse geology 5.00 0.59
Nat Wld Siting NW1.6 Avoid unsuitable development on steep slopes 6.00 0.71
Land use 2.1.6 Basic principles 8.00 0.62
Land use 2.1.7 Basic principles 6.00 0.46
Em Pol Wst Land Lan-3 Contamination and remediation 2.50 2.38
Nat Wld L&W NW2.2 Reduce pesticide and fertilizer impacts 9.00 1.07
Land use 2.1.2 Basic principles 10.00 0.77
Land use 2.2.1(a) Land contamination 5.00 0.39
Land use 2.2.1(b) Land contamination 5.00 0.39
Land use 2.2.2 Land contamination 8.00 0.62
Land use 2.2.3 Land contamination 8.00 0.62
Land use 2.2.4 Land contamination 10.00 0.77
Land use 2.2.5 Land contamination 7.00 0.54
Land use 2.2.7 Land contamination 8.00 0.62
Land use 2.2.8 Land contamination 7.00 0.54
Em Pol Wst Land Lan-4 Flooding design 1.50 1.43
Nat Wld Siting NW1.5 Preserve floodplain functions 14.00 1.66
Land use 2.1.1 Basic principles 4.00 0.31
Land use 2.3.1 Flood risk 15.00 1.16
Land use 2.3.2 Flood risk 7.00 0.54
Land use 2.3.3 Flood risk 10.00 0.77
Land use 2.3.4 Flood risk 10.00 0.77
6.67 8.52 10.96
Em Pol Wst Waste Was-1 Waste management 4.67 4.45
Res Alct Materials RA1.6 Reduce excavated materials taken off site 6.00 0.71
Res Alct Materials RA1.5 Divert waste from landfills 11.00 1.30
Waste management 9.1.1 Basic principles 10.00 0.77
Waste management 9.1.2 Basic principles 10.00 0.77
Waste management 9.2.1 Legal and other requirements 4.00 0.31
Waste management 9.3.1 Site preparation 6.00 0.46
Waste management 9.3.4 Site preparation 14.00 1.08
Waste management 9.4.3(a) Site preparation 6.00 0.46
Waste management 9.4.3(b) Site preparation 6.00 0.46
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Em Pol Wst Waste Was-3 Deconstruction/Deassembly/Adaptibility 2.33 2.22
Res Alct Materials RA1.7 Provide for deconstruction and recycling 12.00 1.42
Material use 8.8.1 Future de-construction or desassembly 6.00 0.46
Material use 8.8.2 Future de-construction or desassembly 12.00 0.93
6.67 3.43 5.71
Cli & Rsk Innovation CR0.0 Innovate or exceed credit requirements 5.00 0.59 0.59
23.32 21.54 23.07
Ecology Ecology Eco-1 Ecologically sensitive sites 1.50 1.43
Nat Wld Siting NW1.1 Preserve prime habitat 18.00 2.13
Ecology and biodiversity 4.1.1 Basic principles 16.00 1.23
Ecology and biodiversity 4.1.2 Basic principles 6.00 0.46
Ecology and biodiversity 4.1.3 Basic principles 5.00 0.39
Ecology Ecology Eco-2 Ecologial value 3.00 2.86
Ecology and biodiversity 4.2.1 Legal requirements 8.00 0.62
Ecology and biodiversity 4.2.2 Legal requirements 6.00 0.46
Ecology and biodiversity 4.2.3 Legal requirements 6.00 0.46
Ecology Ecology Eco-3 Biodiversity enhancement 3.00 2.86
Nat Wld Biodiversity NW3.1 Preserve species biodiversity 16.00 1.89
Nat Wld Biodiversity NW3.2 Control invasive species 11.00 1.30
Nat Wld Biodiversity NW3.3 Restore disturbed soils 10.00 1.18
Nat Wld Biodiversity NW3.4 Maintain wetland and surface water functions 19.00 2.25
Ecology and biodiversity 4.3.1(a) Conservation and enhancement of biodiversity 12.00 0.93
Ecology and biodiversity 4.3.1(b) Conservation and enhancement of biodiversity 8.00 0.62
Ecology and biodiversity 4.3.1(c) Conservation and enhancement of biodiversity 4.00 0.31
Ecology and biodiversity 4.3.2 Conservation and enhancement of biodiversity 8.00 0.62
Ecology and biodiversity 4.3.3 Conservation and enhancement of biodiversity 10.00 0.77
246 │Page│  
 
Developing Life Cycle Environmental Indicators for Road Infrastructure                                 Shafiq Alam                                       
 
 
 
 
 
 
 
 
Ecology Ecology Eco-4 Habitat connectivity 3.00 2.86
Nat Wld Siting NW1.2 Protect wetlands and surface water 18.00 2.13
Ecology and biodiversity 4.4.1 Habitat creation measures 4.00 0.31
Ecology and biodiversity 4.4.2 Habitat creation measures 4.00 0.31
Ecology and biodiversity 4.5.1 Monitoring and maintenance 12.00 0.93
Ecology and biodiversity 4.5.2 Monitoring and maintenance 8.00 0.62
10.00 10.89 9.03
Nat Wld Innovation NW0.0 Innovate or exceed credit requirements 8.00 0.95 0.95
10.00 11.83 9.03
Pep & Plce Community Health, Wellbeing and SafetyHea-1 Community health and wellbeing 1.50 1.43
Qlt Lfe Purpose QL1.1 Improve community quality of life 25.00 2.96
Transport 10.1.4 Basic principles 20.00 1.54
Transport 10.2.5 Construction transport, including nuisance and disruption6.00 0.46
Relation with local community and other stakeholders12.4.1 Human environment, aesthetics and 7.00 0.54
Relation with local community and other stakeholders12.4.3 Human environment, aesthetics and 4.00 0.31
Relation with local community and other stakeholders12.4.4 Human environment, aesthetics and 8.00 0.62
Relation with local community and other stakeholders12.4.5 Human environment, aesthetics and 10.00 0.77
Relation with local community and other stakeholders12.4.6 Human environment, aesthetics and 6.00 0.46
Pep & Plce Community Health, Wellbeing and SafetyHea-2 Crime prevention 1.50 1.43
Qlt Lfe Community QL2.6 Improve site accessibility, safety and wayfinding 15.00 1.78
Pep & Plce Community Health, Wellbeing and SafetyHea-3 Community and user safety 2.00 1.90
Qlt Lfe Community QL2.1 Enhance public health and safety 16.00 1.89
Relation with local community and other stakeholders12.4.2 Human environment, aesthetics and 2.00 0.15
Transport 10.2.1 Construction transport, including nuisance and disruption6.00 0.46
Transport 10.2.2 Construction transport, including nuisance and disruption10.00 0.77
4.76 6.63 6.10
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Pep & Plce Heritage Her-1 Heritage assessment and management 5.00 4.76
Qlt Lfe Wellbeing QL3.1 Preserve historic and cultural resources 16.00 1.89
Qlt Lfe Wellbeing QL3.2 Preserve views and local character 14.00 1.66
The historic environement 5.1.1 Baseline studies 10.00 0.77
The historic environement 5.1.2 Baseline studies 8.00 0.62
The historic environement 5.2.1 Legal requirements, planning guidance & consultation 7.00 0.54
The historic environement 5.2.2 Legal requirements, planning guidance & consultation 9.00 0.69
The historic environement 5.3.1 Conservation and enhancement 11.00 0.85
The historic environement 5.3.2 Conservation and enhancement 7.00 0.54
The historic environement 5.3.3 Conservation and enhancement 8.00 0.62
The historic environement 5.3.4 Conservation and enhancement 8.00 0.62
The historic environement 5.3.5 Conservation and enhancement 8.00 0.62
The historic environement 5.3.9 Conservation and enhancement 3.00 0.23
The historic environement 5.3.10 Conservation and enhancement 8.00 0.62
The historic environement 5.4.1 Information and public access 11.00 0.85
4.76 3.55 7.56
Pep & Plce Stakeholder participation Sta-1 Stakeholder engagement stategy 1.50 1.43
Relation with local community and other stakeholders12.2.1 Engagement with relevant local 9.00 0.69
Relation with local community and other stakeholders12.2.2 Engagement with relevant local 6.00 0.46
Pep & Plce Stakeholder participation Sta-2 Level of engagement 1.10 1.05
Lead Collaboration LD1.4 Provide for stakeholder involvement 14.00 1.66
Relation with local community and other stakeholders12.2.3 Engagement with relevant local 4.00 0.31
Relation with local community and other stakeholders12.3.2 Effectiveness of the community 2.00 0.15
Pep & Plce Stakeholder participation Sta-3 Effective communication 1.15 1.10
Relation with local community and other stakeholders12.1.2 Basic principles 4.00 0.31
Relation with local community and other stakeholders12.3.1 Effectiveness of the community 2.00 0.15
Pep & Plce Stakeholder participation Sta-4 Addressing community concerns 1.25 1.19
Qlt Lfe Purpose QL1.2 Stimulate sustainable growth and development 16.00 1.89
Qlt Lfe Purpose QL1.3 Develop local skills and capabilities 15.00 1.78
Relation with local community and other stakeholders12.1.1 Basic principles 15.00 1.16
4.76 5.33 3.24
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Pep & Plce Urban and landscape Design Urb-1 Site and context analysis 1.33 1.27
Qlt Lfe Community QL2.4 Improve community mobility and access 14.00 1.66
Landscape isues 3.1.1 Basic principles 8.00 0.62
Landscape isues 3.2.1 Legal requirements 12.00 0.93
Pep & Plce Urban and landscape Design Urb-2 Site planning 1.33 1.27
Qlt Lfe Community QL2.5 Encourage alternative modes of transportation 15.00 1.78
Landscape isues 3.1.2 Basic principles 9.00 0.69
Landscape isues 3.2.2 Legal requirements 6.00 0.46
Landscape isues 3.2.6 Legal requirements 6.00 0.46
Landscape isues 3.4.1 Completion and aftercare 10.00 0.77
Landscape isues 3.4.2 Completion and aftercare 12.00 0.93
Pep & Plce Urban and landscape Design Urb-3 Urban design 2.34 2.23
Qlt Lfe Wellbeing QL3.3 Enhance public space 13.00 1.54
Landscape isues 3.1.3 Basic principles 9.00 0.69
Landscape isues 3.1.4 Basic principles 18.00 1.39
Landscape isues 3.2.3 Legal requirements 11.00 0.85
Landscape isues 3.2.5 Legal requirements 11.00 0.85
Landscape isues 3.3.1 Implementation and management 3.00 0.23
Landscape isues 3.3.2 Implementation and management 8.00 0.62
Landscape isues 3.3.3 Implementation and management 8.00 0.62
4.76 4.97 10.11
Transport Tr-1 Sustainable transport development
Transport 10.1.1 Basic principles 8.00 0.62
Transport 10.1.2 Basic principles 22.00 1.70
Transport 10.1.3 Basic principles 20.00 1.54
Tr-2 Construction related transport
Transport 10.2.5 Construction transport, including nuisance and disruption 6.00 0.46
Transport 10.3.1 Minimising workforce travel 8.00 0.62
0 0 4.94
Qlt Lfe Innovation QL0.0 Innovate or exceed credit requirements 8.00 0.95 0.95
19.05 21.42 31.94
Innovation Innovation Inn-1 Innovation 5.00 4.76 4.76
105.00 845.00 1296 100.00 100.00 100.00 100.00 100.00
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Theme→Category IS Envision CEEQUAL
MANAGEMENT 
Management Systems 10.00 11.24 7.87
Procurement and Purchasing 4.76 2.49 2.16
Climate Change Adaptation 4.76 9.70 1.85
Innovation 4.76 4.26
Management Total Score: 24.29 27.69 11.88
ENVIRONMENT
Energy and Carbon 10.01 8.76 10.49
Water 6.67 6.27 5.40
Materials 6.67 4.97 8.18
Discharges to Air, Land & Water 9.99 8.99 6.40
Land 6.67 8.52 10.96
Waste 6.67 3.43 5.71
Ecology 10.00 10.89 9.03
Environment Total Score: 56.67 51.83 56.17
SOCIAL WELLBEING
Community Health, Well-being and Safety 4.76 6.63 6.10
Heritage 4.76 3.55 7.56
Stakeholder Participation 4.76 5.33 3.24
Urban and Landscape Design 4.76 4.97 10.11
Transport 0.00 0.00 4.94
Social Wellbeing Total Score: 19.05 20.47 31.94
Combined Score: 100.00 100.00 100.00
